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1.0 INTRODUCTION

The thrust chamber combustor of a high-performance, expander-cycle engine,
such as the engine proposed for the advanced OTV propulsion system, serves a
dual function. First, it performs the normal function of a combustion chamber
of containing the high pressure combustion process and accelerating the
combusted gases to sonic velocity for expansion in the exhaust nozzle, thereby
producing thrust. The secohd, unique, function is to provide a majority of
the energy required to power the propellant turbopumps used to produce the
high chamber pressure. These functions must be accomplished while achieving
the overall engine goals for service 1ife, maintainability, packaging, and
weight.

In general, a higher chamber pressure leads to higher engine performance due
to improved expansion properties of the combustion gases. In an
oxygen-hydrogen expander cycle engine, the turbopump turbines are powered by
hydrogen (fuel) heated by regenerative cooling of the thrust chamber
components. Approximately 75% of the heat input to the hydrogen is derived
from the combustor assembly. The remainder is supplied by the regenerative
section of the nozzle assembly or by a supplemental heat exchanger such as a
turbine gas regenerator.

Significant benefits, in terms of overall system optimization, are derived
from obtaining increases in heat load through enhancement of the combustor
heat extraction capability. That is, improving the performance of the
combustor in its role as a heat exchange device reduces the reliance of the
engine on auxiliary components for obtaining the desired system heat load.
Since the combustor must already be present to serve as a combustion chamber,
the overall complexity of the system is minimized by eliminating or reducing
the requirements and size of the other heat exchange components. Further
benefits such as reduced engine weight and envelope result from this.

However, a higher combustor heat load must not prevent achievement of other
system goals such as overall system performance and service life. For
instance, all other things remaining the same, increasing the heat load from
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the combustor will cause an increase in the hot gas wall material temperature
that will reduce the combustor service 1ife. This is an undesirable trend due
to the need for a long and maintenance free life in a space based mode of
operation. As a result, technology advances that increase the heat extraction
efficiency of the combustor must also exhibit the ability to maintain or
impfove its service life capabilities and maintainability requirements.
Enhancements in the coolant channel configuration is one technology area
projected to provide such benefits by significantly reducing the hot gas wall
material temperature.

Combustor performance has a central role in determining the overall
performance of the advanced expander cycle engine. Therefore, developing the
technologies for enhancing combustor heat extraction and service 1ife
performance is crucial to meeting the goals of the propulsion system
technology program.
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OBJECTIVE AND APPROACH

The primary objective of this task is to perform a program of analysis,
design, fabrication, and testing of an advanced combustion chamber design to
increase enthalpy extraction from the combustor of an advanced OTV propulsion
system. This program will demonstrate a hot-fire proven combustor assembly
that features advanced heat transfer and 1ife characteristics that meet the
needs of the advanced 0TV expander cycle engine. Specific goals are to
optimize engine performance through increased heat extraction efficiency of
the combustor while meeting the system requirements for 1ife, maintainability,
envelope, weight, and cost. In support of this, an early program objective
was to establish a design database, through investigation, test and assessment
of the proposed technologies, that will anchor the subsequent analysis.

A series of design, analysis, and laboratory test tasks were performed to
evaluate means of enhancing the combustor heat load and service 1ife. These
tasks address the main issues that must be resolved in eva]uat1ng enhanced
combustor concepts. These unresolved issues are:

—
.

Fluid boundary layer behavior and resulting heat transfer capability;

2. Service life capability of alternate hot-gas wall/coolant channel
configurations;

3. Fabricability of these alternate geometries;

4. Test verification of the analysis techniques to be used for future design
efforts.

The program will culminate in test of an optimized combustor assembly whose~
design is based on the results of preliminary technology tasks. Four
technical subtasks have been identified to accomplish the program objectives.
These tasks and a brief description of each are presented in Table 1-1.
Efforts for this task will be supported by hot-fire evaluation of a smooth
wall tapered combustor.

RI/RD86-199
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TABLE 1-1
ENHANCED HEAT TRANSFER COMBUSTOR TECHNOLOGY
SUBTASKS
I. - HEAT LOAD MAXIMIZATION STUDIES (HOT-GAS WALL RIBS)
HOT-AIR PANEL CHAMBER TESTS
COLD FLOW BOUNDARY LAYER MAPPING TESTS

II. INCREASED LIFE STUDIES (COOLANT CHANNEL ENHANCEMENTS)

COLD FLOW BOUNDARY LAYER MAPPING TESTS

I1I. CALORIMETER INSERT HOT-FIRE TESTS

HIGH Q TEST OF BEST CONFIGURATIONS

Iv. FULL SCALE RIBIFLEX COMBUSTOR

INCORPORATE FINAL RIB AND CHANNEL CONFIGURATIONS
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The smooth wall tapered combustor and the calorimeter insert hot-fire tests
will be conducted using the Integrated Component Evaluation (ICE) test
system. The ICE is a 15,000-pound thrust engine-type system that operates in
an expander cycle mode and incorporates all of the major OTV engine
components. This provides an accurate environment for testing advanced
combustor technologies.

An approximately 50-month period will be required to complete the task. The
overall task schedule is presented in Figure 1-1.

The objective of the two initial subtasks was to evaluate potential hot-gas
wall rib (Heat Load Maximization) and coolant-channel (Increased Life)
geometries and select configurations to be tested under hot-fire conditions.
In particular, the heat transfer characteristics of the designs were
determined and the results used to anchor analysis tools.

Laboratory test programs were formulated to evaluate flow field and heat
transfer properties of the rib and channel designs. The tests were designed
to determine whether boundary layer behavior close to the complex geometries
prevents full realization of the potential heat transfer enhancement. Prior
to the tests, analyses and a comparative selection process were completed to
select the test configurations. A flow diagram for this initial phase is
presented in Figure 1-2.
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REPORT ORGANIZATION

Two main sections follow this introduction, one each for the heat load
maximization and increased 1ife subtasks. These sections present summaries of
the analyses and experimental efforts. Detail data from these tasks are
contained in appendicies. A concluding section summarizes the efforts,
discusses implications of the results, and introduces further planned efforts.
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2.0 SUBTASK I - HEAT LOAD MAXIMIZATION STUDY
OBJECTIVE

The overall objective of this subtask was to assess the use of hot-gas wall

ribs to increase the heat extraction capability of an expander cycle engine

combustor. Supporting objectives were: screen appropriate rib configuration
candidates; evaluate flow characteristics around the candidate ribs; compare
the designs at hot-fire conditions; and select the best designs for hot-fire
test evaluation.

APPROACH

The approach followed in this subtask is summarized in the left hand side of
Figure 1-2. A matrix of candidate rib configurations was formulated based on
preliminary studies conducted at Rocketdyne. The matrix featured ribs with
varying heights, widths, pitches (spacing), and base geometries (sharp or
curved). These candidates were screened by evaluation for heat transfer
enhancement, wall temperature, risk of boundary layer build-up, and
producibility. Heat transfer analysis was conducted with two dimensional
computer models using a uniform heat transfer coefficient for all surfaces.
Results of these analyses and the other evaluations were used to select
laboratory test configurations.

Two laboratory test programs were identified for hot-gas wall rib flow
evaluation. A hot-air program was conducted on exact scale calorimeter panels
to obtain a quantitative comparison of heat transfer enhancement. Cold flow
velocity mapping tests were conducted to obtain detailed rib flow field
characteristics. Velocity profile results were related to boundary layer
behavior and heat transfer properties and scaled to hot-fire conditions. The
hot-air test results were also used to anchor this process.

RI/RD86-199
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SCREENING ANALYSIS

The first objective in Subtask I was to screen candidate hot-gas wall rib
geometries utilizing available boundary layer and heat transfer modeling
techniques. The six best rib configurations were to be selected for the two
lab tests planned; 1) the hot-air calorimeter panel teéts, and 2) the
cold-air flow boundary layer mapping tests. A matrix of 21 rib geometries was
analyzed, covering a full range of rib geometry variations, including rib
height, base width, rib pitch (spacing), and radiused contouring. These 21
rib types are depicted in Figure 2-1. The 21 rib geometries were evaluated in
four categories: Heat transfer enhancement; boundary layer risk;
producibility; and structural/life considerations. A scale of 0 to 10 was
used for each rating category, with zero indicating an unacceptable risk or
benefit, and ten being an optimum condition within that category. Criteria
for determining ratings within each category are included in Appendix A.

Rating of each rib type with respect to heat transfer enhancement was based on
comparisons against a conventional smooth walled combustor. This evaluation
was conducted using two-dimensional finite difference Differential Equation
Analyzer Program (DEAP) ribbed combustor models of the various rib
geometries. These model results, contained in Appendix A, were in the form
of two-dimensional “slices" of the hot-gas wall and combustor liner at
discrete axial stations. Rib designs were rated in terms of a heat transfer
“enhancement factor", relating rib potential compared to a smooth wall liner,
and the steady state temperature profile. A graph depicting typical rib
enhancement factors verses rib height is included as Figure 2-2. Rating of
ribs in this category resulted, as expected, in the taller ribs being rated
highest, due mainly to increased hot-gas surface area.

A comparison of heat transfer enhancement was made for orientation of thg’rib
over the land area or over the coolant channel. No difference in enhancement
was noted. Therefore, from a heat transfer standpoint the cases are
equivalent and can be interchanged. Structural considerations will be used to
select the best approach following Subtask 3 of the task.
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FIGURE 2-1

RIB GEOMETRY SELECTION MATRIX

TYPE HEIGHT _ SHAPE TYPE HETGHT _ SHAPE
la. STANDARD RIB | 0.040 m ll. HALF PITCH RIB | 0,040 ﬁm
RIB OVER LAND AA | 0.020 BASE WIDTH M
0.040 BASE WIDTH | 0.060 Egi 0.0385 PITCH 0.0785 |}
0.0785 PITCH 0.010 TIP ik
0.020 TIP

0.080 |

0.120 iﬂ%
Ib. STANDARD RIB | 0.040 @E IV. RADIUS 0.020 00s0 i
RIB OVER LAND 0.0785 PITCH
0.060 BASE WIDTH | 0.060 m 0.020 TIP 0.060 'ﬂt’
0.0785 PITCH |
0.020 TIP

0.080 fii 0.080  finid

(RIB OVER CHANNEL | ¢ 120 M M
FOR 0.060 ) o]l 0120 .hp
Il. SKIP RIB M V. RADIUS 0.060
Il SRIP RIB 0.060 i 0.060 m‘
0.040 BASE WIDTH | 0.1570 PITCH
0.1570 PITCH 0.080 0.020 TIP ’Y\,
0.020 TIP | 0.080 1,000

012010, 0120 iy
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FIGURE 2-2
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Boundary layer risk was evaluated based on a best estimate of boundary layer
growth over combustor wall length, taking into account the insulating effect
of a "filled" rib contour, and rib corner effects on boundary layer formation.
Results, and subsequent ratings, reflect that the wider spacing of ribs is
best, yielding the most effective boundary layer contour with minimized risk
of heat flux degrading boundary 1ayer build-up.

Producibility risk addressed the difficulty in machining complex liner
geometries. Rib complexity is driven by aspect ratio, scale and multiple
contours. As expected, the larger and simpler rib geometry types rated higher.

The structural and 1ife considerations were based primarily on material
property degradation with increased temperature. Comparison data was obtained
from the DEAP steady state temperature profiles. These were relative
temperature comparisons, since some rib tip temperatures went well beyond
material limits (see Figure 2-3). Potential advances in material and cooling
technology were considered in selecting cases to be tested. An .080 high rib
was selected as a lab test configuration to acquire data for analysis of
material survivability at its upper temperature limits. Evaluation of ribs in
this category showed that the taller ribs rated lowest, due mainly to
excessive material temperatures. Again, note that there is essentially no
difference in the rib over land and rib over channel configurations.

A rib sensitivity study was conducted to evaluate how potential variations in
hot-gas wall film coefficient (Hg) due to boundary layer effects would impact
rib temperature and heat transfer enhancement. The results, depicted in
Figure 2-4, show that Hg variations do affect heat transfer enhancement
directly, but due to a parallel effect of lower material temperature, Figure
2-5, may allow the use of taller ribs. Additionally, a study was made to
determine the effect on Hg of large temperature gradients from rib tip to ~
trough. Results showed only a 12% change in Hg for a 1000F temperature
gradient, which fell well into the Hg range covered in the sensitivity studies
described above.
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Figure 2-4. Enhancement Factor Sensitivity to Variations
in Hot Gas Wall Film Coefficient (hg)
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Final rib selection was based on total weighted scores for each rib type in
the four categories, plus "other factors", such as duplication of data, and
broadening of the data base. The concept scores and relative weighting of the
selection criteria are shown in Table 2-1. Both boundary layer risk and heat
transfer were weighted highest, due to their direct influence on rib
effectiveness. Producibility was weighted low due to the relatively narrow
range of influence it has, considering that all ribs analyzed are within the
state-of-the-art for machining processes. Structure/l1ife considerations,
though important, will play a much larger role in structural analysis studies
farther along in the program. The overall weighted rating score gives a
priorized ranking of the candidates for the four quantified evaluation
criteria.

The selected concepts are indicated in prioritized order on the right hand
column of Table 2-1. Ribs of 0.040, 0.060, and 0.080 height were selected.
Two base width values were selected for the 0.060 high rib to evaluate the
impact of this parameter. A twice-nominal pitch configuration, the 'skip rib’
case, was included based on its overall ranking and low boundary layer growth
risk. Finally, a radius based design rated highly and was also selected for
technical breadth.
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Table 2-1. Hot Gas Side Rib Selection Matrix
HEAT BOUNDARY STRUCTURE/
TRANSFER LAYER PRODUCIBILITY LIFE WT'D SEL
RIB GEOMETRY HEIGHT 30 WEIGHTED | 30 WEIGHTED | .16 WEIGHTED | .26 WEIGHTED | SUMS | RANK OTHER FACTORS AANK
RAT'G { WT'D [RAT'G | WI'D | RAT'G | WI'D_| RAT'G ] WT'D
TA. STANDARD A8 .
RIB OVER LAND .040 m 8 1.8 [ 1.8 10 1.5 [ 226 | 736 1 1
040 BASE WIDTH
L0785 PITCH m
020 TIP .080 ' ) ? 21 6.6 1.86 10 1.5 4 1.0 8.26 3 2
,080 M ‘8.8 266 [ 1.60 8 1.2 [ 0 6.26 8 | EXPAND DATA BASE 8
. FOR ADV MAT'L DEV
) 20 ﬁ’b 10 2.0 4 1.20 [ 8 [ 0 6.10 19 .
18, STANDARD Ri8 . |
. lmﬁ
RIA OVER LAND 040 ] 6 15 [ 1.6 10 1.6 [ 226 | 876 2 | DUPLICATION: CHANGE -
.080 BASE WIDTH IN BASE WIDTH TO BE
L0785 PITCH @QIB COMPARED AT 080 HT
o020 TP 080 [ 1.8 as 1,38 10 1.8 4 1.0 566 7 4
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AIR TEST PROGRAMS DEFINITION

Two air test programs were formulated for hot-gas wall rib flow evaluation. A
hot-air test program was planned for obtaining a quantitative comparison of
heat transfer enhancement. Detailed boundary Tlayer velocity profile mapping
was planned in the second test series. Analyses were conducted to define test
conditions that would provide the best simulation of hot-fire conditions
possible for each laboratory test. Fixtures were designed for each test
program.

Analysis

Proper simulation of the hot-fire combustor boundary layer was of prime
importance in the planned hot-air and cold flow tests. There are vast
differences between the actual combustor boundary layer and that which can be
produced in an air flow simulation. The most important difference is the high
heat flux into the cooled combustor wall; this cannot be recreated in a cold
flow test. The resultant temperature gradient at the wall greatly reduces the
momentum and displacement thicknesses of the boundary layer (while having
little effect on the velocity thickness). Therefore, the boundary layer
cannot be entirely recreated in an air flow test, but certain characteristics
can be. The problem was then to choose the proper characteristic to be
matched or scaled to the hot-fire conditions.

The scaling characteristic chosen for the air flow simulation is the boundary

Tayer momentum thickness (0), since it is closely related to the heat
transfer. The momentum thickness is defined as,

o = J'EE: 1 -u\dy (1)
Pu u

freestream density and velocity
turbulent (rms) density and velocity

b3
=
0]
3
]
”, 0
S| =
o
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The momentum thickness is calculated for hot-fire conditions by the Rocketdyne
boundary layer computer program. The calculated value of the momentum
thickness at the end of the cylindrical portion of the combustor (~13 inches
from the injector) is,

o = 0,029 inches (2)

for the combustor conditions: Pc = 1650 (psia), Tc = 6571 (R). The
momentum boundary layer thickness as a function of axial position on the
combustor cylindrical section is plotted in Figure 2-6.

In the air flow tests, it is desirable to scale this value at the downstream
end of the ribbed plate test section. The theoretical growth rate of a

turbulent boundary layer on an adiabatic flat plate is written,

o = 0.0142 (3)
?Rex

distance from start of turbulent B.L.

Where, X

Rex = ux/v Reynolds no. based on x

In order to account for any physical geometry differences between the air flow
test section and the actual ribbed combustor wall, a scale factor S is
introduced as a multiplier to the momentum thickness (eq. 1). In the case of
the cold flow study, an enlargement of the rib dimensions is desired in order
to make detailed measurements of the correspondingly larger boundary layer.

By multiplying equation (1) by S and equating with equation (2), the following
expression for the required air flow velocity is derived,
U = L 0 (4)
(0.1267) (s)}-17

the freestream velocity (ft/s)
air kinematic viscosity (ft2/s)
length of the test section (ft)
geometric scale factor

where,

(72 2w N o
1] L}
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As an example, for a 2 ft test section which has ribs of twice the actual size
(S=2), and for air flow conditions of P = 14.7 psia, and T = 80°F (v =
1.69E-4), equation (4) gives the required air velocity as,

U=21 ft/s

This corresponds to a plate Reynolds number of 2.4E5 which is in the turbulent
'regime. This will result in a match of the momentum thickness of the air
boundary layer to the hot-fire momentum thickness as desired.

In order to summarize the effects of plate length and air flow conditions in
the momentum thickness, a rearrangement of the growth equation (3) was
performed to give,

o/(x)%7 = o.o182/(u/m) 17 (5)

Since the right hand side contains air flow properties only, a flow parameter
was defined as,

=
[}

(v/U) /c (6)

where ¢ = constant of proportionality

For a known dependence of air kinematic viscosity on temperature and pressure.
the air flow parameter was related to the basic thermodynamic variables. For
air temperature above 0°F and pressures not exceeding 400 psi, the absolute
viscosity can be expressed as a function of temperature only,

u/u. = (1/T.)07 (7)

—

Where the subscripted values are taken as a reference condition. The air
density is found from the Perfect Gas law as,

p/p. = (P/T) / (P./T.) (8)
Combining (7) and (8) gives the kinematic viscosity as,

viv. = (T/T)7 (p./P) (9)
RI/RD86-199

2-14
0515k

-



Assuming a reference of T. = 560 (R), P. = 14.7 (psia), and v. = 17.9E-5
(ft2/s) gives the result,

v(ft2/s) = ¢ (T (R)) V7 (10)
P (psia)

where, C = 5,6E~-8 for alr

By combining this with (6), and choosing the proportionality constant ¢ as
equal to the constant C derived above, then the flow parameter is shown to be,

6= 17 (R) (11)
P (psia) u (ft/s)

Then the momentum thickness growth equation (5) is written,

6/7

0/ x 0.0142 (cg)1/7

or, 6/ x®/7 = 0.00131¢ /7 (12)

The air flow parameter is governed by the limitations of the test facility.
It is evident from equation (12) that in order to develop a thick layer, a
large ¢ is required. By inspection of equation (11), this implies that the
air temperature should be as high as possible, and the pressure and velocity
as low as possible.

The Tower 1imit on the velocity is governed by the Reynolds number requirement
for the maintenance of a fully turbulent boundary layer. If the velocity were
allowed to drop too low, the layer may become Taminar. As a rule of thumb, it
was determined that the Reynolds numbéer should be above Re = 1,000,000 over
most of the test section. The Reynolds number at any location increases for
smaller air flow parameter values. This suggested that the maximum allowable
value be,

¢ max = 190
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Given a value of the flow parameter (@), the required test plate length was
determined for a selected scale factor. This process is summarized in Figures
2-7 and 2-8. A graphical representation of equation 12 is presented in Figure
2-9.

For the hot-air tests, a one-to-one rib scale was used. Accordingly, a
momentum boundary layer thickness matching the predicted 0.029-inch value at
the end of the combustor cy11ndrica1 section was to be simulated. For test
conditions of 900°F and 300 psi, a test panel length of 18 inches and a flow
velocity of approximately 70 ft/sec produce an air-flow parameter of 10 giving
the desired momentum boundary layer thickness.

For the ambient air-flow, boundary-layer mapping tests, an increased test
panel scale was used to provide adequate space for flow mapping. For a rib
scale of four-to-one, a 72-inch test panel Tength with a flow parameter of
less than 50 results in a momentum boundary layer thickness four times the
combustor value.
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FIGURE 2-8

TEST FIXTURE DIMENSIONS SET BY
COMBUSTOR CONDITIONS

e REQUIRED LENGTH A FUNCTION OF SCALE FACTOR(S), §, AND ¢
o L =(50/0.0142)7/6 (Cq/p)1/6

e FOR TURBULENT FLOW ¢=<100, AND WITH ¢ = 0.029 INCH
o L = 0.9507 S7/6

e S = 4 PROVIDES ADEQUATE SPATIAL SCALE AND ACCEPTABLE
LENGTH

e L = 60 INCHES (5 FT)



3G LSO

61-¢
66 1-980d/IY

MOMENTUM BOUNDARY LAYER THICKNESS (INCHES)

FIGURE 2-9

'FLOW PARAMETER VALUES FOR AIR TEST/
COMBUSTOR BOUNDARY LAYER MOMENTUM
THICKNESS MATCH

0.20
= 500 .
60 | ¢
<
o
50 4,5‘,¢”’
0.14 . et - ¢ = 100
' -~ ¢ = 50

~ 'y
-~
0.10 - _ 10
| 30 / // 0]
/ CcoLD
0.06 20 FLOW TESTS
Focoms R FLOW PARAMETER ¢ = L
r HOT AIR TESTS
- ‘/‘ % 9 &

12 20 28 36 44 52 60 68 76
DISTANCE FROM TURBULENT TRANSITION - X (INCHES)

\

)



Test Fixtures Design

Hot-Air Test Chamber. The calorimeter test chamber was designed with
segmented test panels to allow different rib configurations to be tested in

the same set-up. A two-piece clamshell housing confines the four separable 90
degree test panel segments. The housing has attach flanges at both ends for
facility interface. Spacer rings are used at both ends to house

instrumentation and flow devices. Panel water feed 1ines and axial

thermocouples are fed through ports in the housing. A chamber assembly layout -~
is shown in Figure 2-10. R

The test panels are identical in design with the exception of the hot-gas wall
configuration which is varied to match a candidate design. One panel had a
smooth wall for reference heat transfer values. The panel consists of an OFHC
copper liner brazed into a CRES structural shell. The liner back has coolant
channels machined axially between the integral manifolds at both ends. The
manifolds are fed by a single water supply (drain) tube at each end. Bosses
are provided for thermocouples that are inserted in coolant channels at five
axial Tocations on each panel. The panel edges have a relief and a seal to
minimize heat transfer between adjacent panels at the interface.

The forward spacer ring nouses a flow plate that straightens and trips the air
flow just upstream of the chamber. It also contains a port for a thermocouple
rake to measure inlet radial air temperature distribution. The aft spacer
ring also contains a boss for a thermocouple rake for measuring exit radial
air temperature distribution. A replaceable exit nozzle, which partially
controls the air flow rate, is bolted to the end of the discharge spacer.

The chamber is a bolted assembly with o-ring seals used between the mating
parts and the facility flanges. Detail drawings for the chamber components
are contained in Appendix B.

Cold Flow Test Fixture. The cold flow test fixture was designed as a long
box-1ike passage for flowing the air past the rib geometries. The fixture was

configured to use a structural beam as a support and assembly means. It
consists of two side members, a replaceable test panel, a cover plate which
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includes three velocimeter access windows, and an inlet plenum. A design
objective was to use this fixture for the Subtask 2 test effort, so a
configuration that would allow easy modification to the channel test mode was
formulated. Detail drawings for the assembly are given in Appendix C and a
cross section layout is shown in Figure 2-11.

The side members are bolted directly to a structural beam with a matching bolt
hole pattern. Spacing for the members is provided by the replaceable test
panel which is bolted into lands on the side members. For the rib test
configuration, the test panel is at the bottom of the fixture, away from the
cover plate, to provide the proper undisturbed free stream boundary

condition. The test panel and side members form the lower three sides of the
flow box.

The test panels contained four-times scale ribs for each of the six selected
configurations. Additionally, for one panel, half of the panel was left flat
for reference flat plate measurements. Two to three rib types were included
on a panel, but several ribs of each type were provided on each side of the
measurement centerline to provide the proper boundary conditions. A black
anodize surface treatment was selected to minimize plate reflectivity which
could cloud velocimeter measurements and limit the ability to obtain
measurements close to the surface.

The top closeout of the box is provided by the cover plate. It is a sheet
metal panel that is bolted to the top of the side members. Three windows are
included to provide access for the velocimeter laser beams. The windows are
fused silica glass that are polished for flatness and have an antireflective
surface coating. Extreme clarity, flatness, and antireflectivity are
necessary to prevent distortion of the velocimeter laser beams that would
reduce data accuracy. The windows are held in place with a cover plate and a
thin cushioning film gasket.

An inlet plenum was designed to interface the test fixture with the facility.
The plenum entrance adapted to facility ducting quick disconnect couplings.
From the entrance, the air is turned 90 degrees and funneled to match the box
dimensions. The air was exhausted to atmosphere, so no special fixture was
designed for the exit.

RI/RD86-199

2-22
0515k



—

/
/
/
/

RN
N
A\

BN
N

-
L1
e
%
T
[ A
~
1~
o

)
,.\‘
§

-/ <

- \
(37voS L:b) 13NV 1S3l

NOILVHNDIINOD gid SVO-10H
- 3HNLXId 1S3L MOTd d109

TT-¢ JN9IA

RI/RD86-199
2-23

0515k



HOT AIR TEST PROGRAM
Fabrication

The components fabricated include the entrance and exit sections, the two
shell halves, and seven calorimeter panels (six with rib configurations and
one smooth wall reference). The inlet and exit components are machined parts
made from CRES material. The individual components, shown in Figure 2-12,
include thermocouple support crossmembers at each end, an entrance flow
turbulator, and a replaceable exit flow nozzle.

The calorimeter panels are brazed assemblies consisting of a CRES strongback,
an OFHC copper liner, and CRES feed tubes. The fabrication sequence was:

1) machine the CRES strongback curvature and manifold sections, leaving
extra stock on the ends for braze tooling;

2) machine coolant channels into the copper liner outside diameter (0OD)
Teaving extra stock at the ends for braze tooling;

3) machine a curved inside diameter (ID) on the copper liner for
interface with braze tooling, leaving extra stock for later machining
of the hot-gas rib geometries;

4) check fit the components, Figure 2-13, and tack Nicoro braze alloy
foil on the strong back in the channel areas;

5) assemble the Tiner to the strong back and insert positioning pins
located in the extra stock area;

6) place the coated tooling bar, which matched the liner ID, on the
liner and wrap the assembly with tungsten wire to apply a closing
force during brazing, insert the feed tubes and braze alloy;

7) braze the assembly in an inert furnace, disassemble tooling when
complete;
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8) 1leak test the panel for overall leakages and x-ray to observe channel
bonding;

9) final machine the panel hot-gas rib configuration, the thermocouple
access bosses, and the end and side interfaces.

A11 seven panels were completed without significant problem. Some channel
clogging appears to have occurred in the middle channels (lowest point
channels during brazing) on several panels which reduced water flow area. The
effect was localized, so it was concluded that the overall panel results would
not be affected.

The two-piece clamshell housing was also machined from CRES material. It
provides sealed interfaces for the entrance and exit sections, passages for
the panel feed tubes and thermocouples, and bolted closure flanges to allow
disassembly for panel replacement. The housing and a set of completed tests
panels are pictured in Figure 2-14,

The chamber was assembled simply by placing the panels in the shell halves and
bolting the halves together to encase and compress the panels. This formed a
seal at the panel interfaces. A top and overall view of the assembly, prior
to bolting together, are shown in Figure 2-15.

Testing

A test plan, contained in Appendix B, was prepared to define the hot-air test
approach and requirements. In summary, it was planned to test each of two
chamber builds (three ribbed panels and the smooth wall reference panel in
each build) at two temperatures and varying cooling flowrates to determine thé&
heat transfer characteristics. Water flowrates, water temperatures at the
inlet and outlet and at several axial locations on the panel, and inlet and
exit air properties were to be measured to provide the data for this
characterization.
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Figure 2-14. Hot-Air Test Chamber Components
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Installation. A test position was established at Rockwell's North American

Aircraft Operations (NAAO) Thermodynamics Laboratory to conduct the tests.

The facility is illustrated schematically in Figure 2-16. An existing
compressor and heater facility were used to supply air at the desired 700 -900
F, 300 psia conditions with a flowrate of up to 10 1b/sec. Hot air inlet
conditions were available to regulate the flow. Individual water cooling
circuits with flow, temperature, and pressure measurements were used for each
test panel to obtain bulk heat input measurements. Crossbar thermocouple
rakes were installed in the entrance and exit sections to evaluate air
temperature uniformity.

An overview of the test position with the chamber and instrumentation
installed is shown in Figure 2-17. A closer view is given in Figure 2-18,
showing the entrance, test chamber, exit section, water feed 1ines, and the
thermocouple junctions.

Data collection was provided by a high-speed Astrodata acquisition system
available at NAAO.

Tests. A large number of steady-state data slices were obtained for each
chamber set-up. A summary of the test points and conditions is given in
Figure 2-19. Varying hot-gas heating-to-water circuit cooling ratios were
explored by running at extreme hot-air and water flowrates for the test
temperatures of 700° and 900°F.

Summary tables for the tests conducted are contained in Appendix B. The
tables list the pertinent conditions and the resulting water temperature rise
as a function of axial position.

Representative axial thermocouple data are graphed in Figure 2-20. The curves
show the higher temperature rise for the ribbed panel section compared to the
smooth wall reference. A tendency for the ribbed panel to rise to near the
final temperature rapidly and 'level off' towards the exit is notable. The
smooth wall reference had a more linear temperature rise. This is evidence
that the boundary layer build-up in the ribbed contour was limiting the heat
transfer enhancement near the end of the panel section. Since the test panel
length and conditions were selected to represent the boundary layer formation
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Figure 2-17. Hot-Air Test Installation
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Figure 2-18. Hot-Air Chamber Test Setup
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in the combustor at hot-fire conditions (see test program definition
analysis), this information is representative of the axial enhancement profile

for the combustor.

Representative bulk temperature rise results are presented in Figure 2-21.
The taller ribs had a greater temperature rise, indicating a higher
enhancement factor for the hot-air conditions. However, the difference
between the taller and shorter ribs was not as large as expected based on the
initial analysis at hot-fire conditions.

Results from the hot-air tests provided: 1) a direct measurement of the axial
heat transfer enhancement development profile; and 2) a quantitative measure
of the heat transfer enhancement at known conditions that could be used to
anchor analytical methods for extrapolating results to hot-fire conditions.
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COLD FLOW TEST PROGRAM (RIBS)
Fabrication

The ambient temperature and pressure conditions allowed the cold flow test
fixture to be fabricated from aluminum stock. Bars and sheet stock in greater
than six foot lengths were available in the sizes needed, so the large size of
the fixture posed no difficulties. The components fabricated included the
side members, a cover plate and windows, an inlet plenum, and three test

panels.

The side members were simple rails with interfaces for the test panels and
cover plate and a bolt hole pattern that matched the structural support beam.
The members were machined with particular attention to the relative position
of the various bolt hole patterns to ensure ease of assembly.

The cover is a 0.250 inch thick sheet that has three window openings. Fused
silica windows were procured from a speciality glass supplier to meet the
stringent needs for accurate velocimeter data acquisition. The windows were
polished to one-quarter wavelength (coherent 1ight) flatness and parallelism
within 3 arc seconds. A broadband antireflective coating, encompassing the
5T14.5 nanometer laser wavelength, was applied to the outside surface to reduce
reflection losses. Aluminum window 'blanks' were made to fill in for the
windows not used during data collection at a particular axial station.

The test panels containing the four-times scale rib geometries were machined
from plate stock. Parallelism was tightly controlled to ensure a uniform gap
between the ribs. The panels were black anodized following machining to
reduce reflectivity. A photograph of a test panel is presented in Figure
2-22. The panels were dimensionally inspected after completion to check _
acceptability and to provide exact dimensions for precise velocimeter focal
volume positioning with respect to the ribs.

The inlet plenum was welded from sheet to form a funneled shape. A section of
facility piping that had an existing coupling interface was welded into the
plenum as the inlet piece. Prior to assembly to the test fixture, it was
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Figure 2-22. Rib Cold Flow Test Panel
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decided to add a flow straighter tube bundie and flow trip screen to the
straight section of the plenum that is just upstream of the fixture entrance.
The bundle and screen were assembled and tacked into the plenum.

Testing

A test plan was deveToped to define and specify requirements for the cold flow
tests (see Appendix C). The basic approach was to map the flow field around
the ribs using the laser velocimeter at a single freestream flow velocity that
met the conditions specified in the test planning analysis. Originally it was
planned to do this at all three available axial positions, however, attainable
data acquisition rates and the available test period and budget required that
testing be limited to the end position.

Installation. The test position for the cold flow tests was established in
Rocketdyne's Engineering Development Laboratory (EDL). The schematic for the

facility is illustrated in Figure 2-23. The system used an existing low
pressure air blower system with venturi measurement device to feed the test
fixture. The primary measurement tool for the test set-up was the laser
two-focus (L2F) velocimeter.

The velocimeter allows non-intrusive measurement of flow velocities and
turbulence levels around the ribs shapes. The L2F type of velocimeter uses
two sharply focused laser beams to form a 'gate' through which time-of-flight
measurements can be made for small particles entrained in the flow stream.
Backscattered 1ight collected by the L2F indicates when a particle passes
through either a ‘start' or a 'stop' beam. When the two beams are aligned
with the flow stream, a statistically high correlation of particle
times-of-flight occurs. The most probable speed is derived from the
statistically highest time-of-flight and the precisely known beam separation,
Figure 2-24. The velocity vettor is determined from the angulation of the
line between the beams and a reference line. The turbulence level is
determined from the breadth of the times-of-flight distribution around the
most prominent value.
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The L2F system consists of the laser and optical head, a control processor,
signal conditioning electronics, and a multichannel analyzer. Additionally,
for this set-up, a remotely controlled translation system that provides
precise optical head movement and positioning was used to allow a matrix of
points to be collected efficiently.

The completed test set-up is shown in Figure 2-25. The fixture was positioned
with the entrance at the top to eliminate the need for placing the translation
table on a high platform. Fixture assembly was accomplished by: loosely
bolting the side members to the structural beam, fitting the initial test
panel in place and securing at the ends, check fitting the cover panel to
verify alignment, final torquing the side member bolts with the panel in
place, and final installation and sealing of the test panel and cover plate.
The inlet plenum was secured to the beam and test fixture and the piping
attached to the plenum with a coupling. Exposed interfaces were sealed with
foil tape to prevent leakage.

The flow venturi and instrumentation, used to set the basic flow conditions,
are visible in the left hand side of the figure. A 'bank' of insence sticks
was positioned at the blower inlet to introduce small smoke particles into the
flow to enhance the data collection rate.

The velocimeter optical head and translating table are shown in the test
position in front of the last window. The microcomputers and processors for
control of the velocimeter and translating table were in a remote clean room,
Figure 2-26, and were connected to the velocimeter through data buses.

The exhaust air was collected in a large box at the fixture exit and was
routed away from the test area through a flexible duct and discharged to the
atmosphere. —

Tests. Prior to conducting tests on each panel the velocimeter angular
reference was established by alignment with the installed test panel. This
was accomplished using a tool that referenced off the panels at the first and
third windows (removed) and provided a 'l1ine' for the velocimeter to use as a
zero degree reference.
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The initial checkout for the system was conducted with the -7 panel which
contained the flat plate region and the double pitch 'skip rib'

configuration. A sweep of measurements in the free stream indicated an
acceptably uniform velocity field. However, in attempting to obtain
measurements close to the flat plate surface, it was determined that the
number of particles in the flow near the surface was insufficient to achieve a
reasonable data rate. This would have limited the ability to accurately
assess boundary layer behavior.

As a result, it was decided that an improved flow seeding method (over the
smoke) was needed. A fluid atomizer was selected as the best candidate
method. A jet baffle atomizer that creates droplets of salt water at a
density of 6 million droplets per cubic centimeter with a mean diameter of 2
microns was leased for the test set-up. The salt water droplets were
introduced into the system in the air feed ducting. It was anticipated that
the water droplets would evaporate, leaving minute particles of salt that
would seed the flow.

Initial tests with the revised system resulted in significantly increased data
rates and measurements within 0.012 to 0.020 inch from the surface were
achieved. The typical data collection process for a velocity point was: 1)
the velocimeter focal volume was positioned at a specific location with
respect to the ribs by computer control of the translating table; 2)
times-of- flight measurements were collected at a discrete angular alignment
between the fixed and moving laser beams and a histogram of occurances
(events) versus time-of-flight values (1listed as channels) obtained,

Figure 2-27; 4) after a threshold number of events at the predominant
time-of-flight had been collected, the angle was incremented to a new
position; 5) half-degree increments for a range of +/- 5 degrees off the
panel centerline were completed. These steps defined the velocity at the—
point, the angular flow orientation (for this case the orientation was always
nearly exactly along the centerline), and the turbulence level (derived from
the width of the statistical event versus channel distribution) at the
particular point.
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Velocity fields were mapped for the scaled up models of four rib geometries;
the dual pitch 'skip' rib (0.060 high), the 0.040 tall rib, the 0.060 tall
rib, and the 0.080 tall rib. In each case, the free stream velocity at the
centerline of the measurement grid was measured to provide a reference
velocity. A grid of points, as exemplified in Figure 2-28, was collected for
each configuration to evaluate the velocity profile.

The velocity fields for each configuration are contained in Appendix C.
Figure 2-29 is a graph of the normalized centerline velocity as a function of
distance off the surface for the rib types. These curves illustrate the
velocity degradation encountered with the taller ribs, indicating an
increasing boundary layer thickness. This thickness is directly related to
the heat transfer capability. o

These tests provided quantified profiles of the velocity fields around the rib
configurations for representative momentum boundary layer development -
conditions. This information was collected to provide a basis for adjusting
hot-fire boundary layer predictions to obtain accurate hot-fire heat transfer
calculations.
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AIR FLOW VELOCITY MAPPING

RESULTS FOR SKIP RIB CASE
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SELECTION ANALYSIS

Scaling Procedure

The scaling procedure for the velocimeter data, which provides a comparison of
heat transfer enhancement at hot-fire conditions, is summarized below. A flow
diagram of the scaling process is presented in Figure 2-30 as an aid in
following the summary. A numerical example of the rib scaling analysis is
presented in Appendix D.

Velocity profile data were obtained as close as possible to the model wall to
provide the best indication of the boundary layer behavior. A nondimensional
heat transfer parameter, the Stanton number, was determined from the velocity
profile. The Stanton number varies around the rib profile and directly
reflects the influence of the boundary layer development on the heat
transfer. The Stanton number is derived from a process in which the local
skin friction is determined from a piecewise wall velocity evaluation.

The velocity profiles are fit to a universal profile in the logarithmic
overlap region of the turbulent boundary layer, Figure 2-31. The universal
velocity profile has a best fit equation for the logarithmic overlap region as,

Ut 2.43 In (y+) + 4.9 Log overlap region velocity profile
where,
u'= u/v* Dimensionless velocity
y+= yv*/v Dimensionless distance

above the plate or rib
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Figure 2-30. FLOWCHART OF THE DATA REDUCTION
PROCEDURE FOR THE COLD FLOW TESTS.
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Y ARIABLES" AND FITTED TO THE EST ABLISHED EQUATION
FOR FLAT PLATE TURBULENT BOUNDARY L AYERS :
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local velocity [m/s]

y = distance from surface [m]

v¥ = /Tw/p Uo= /CFf/2 “Friction velocity"
Uo = Freestream velocity

Tw = Wall shear stress

p = fluid density

Cf = Skin friction coefficient -

The basic premise for the data analysis method was that, at any location on a
rib or fin, the boundary layer could be characterized by a flat plate boundary
Tayer having the same near-wall region called the "logrithmic overlap

region". Under these test conditions, the overlap region extends from about
one-half millimeter to several millimeters from the wall.

As evidence of the applicability of the established correlation, it was
compared to the measurements from the Cold Flow tests performed on a flat
plate as shown in Figure 2-32. The agreement was very good except at large
distances from the wall where the correlation is no longer valid. Therefore,
it was shown that the cold flow velocimeter measurements could reproduce the
results of past flat plate studies.

The data from the cold flow tests were fit to this universal profile by
choosing an appropriate friction velocity V*. This defines the shear stress
at the wall based upon the empirical results of past flat plat turbulent
boundary layer studies. In effect, it is assumed that the boundary layer at
each location around the rib is equivalent to a flat plate boundary layer of
the same thickness.

The heat transfer Stanton number is derived from the wall shear stress ognskin
friction coefficient by the Reynold's analogy,

st = Pre/3 ¢f/2 (1)
where, St = n/p (UoCp) Stanton number (2)
Pr = 0.69 Prandtl number for air

h = local heat transfer coefficient
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Figure 2-32. FLAT PLATE VELOCITY PROFILE
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The Stanton number can be thought of as a dimensionless heat transfer
coefficient. Specifically, it is the ratio of the heat transferred to the
total heat (enthalpy) content of the flowing gases. The Stanton number
profile for the 'skip-rib' case that was derived from the previously presented
velocity profile is shown on Figuré 2-33.

The heat transfer coefficient (h) values for hot-air calorimeter or hot-fire
conditions are determined by scaling the density, freestream velocity, and gas
heat capacity denominator in equation (2) above to the appropriate

conditions. For the hot-air calorimeter test series this provides an accurate
scaling since the conditions are not radically different than the cold flow
tests. This is reflected in the typically close results for the scaled
calorimeter and the actual test results.

For hot-fire test conditions, a further scaling or compensation must be made
for the extreme conditions produced by the combustion process. Conditions not
present in the cold flow testing, such as an extremely high freestream
velocity, compressibility due to high pressures, and other properties that
vary with temperature are accounted for in the scaling. The scaling factors
were determined from hot-fire conditions analysis using Rocketdyne's boundary
layer analysis program. This scaling results in a more realistic or 'best'
treatment of the cold flow data by accounting for these factors that cannot be
simulated in the laboratory.

Results

Extrapolation of the cold flow test results to hot-fire conditions was
performed in two ways. The difference lies in the scaling of the Stanton
number. A conservative estimate of the cooling performance of a rib/fin _
configuration was afforded by direct usage of the cold flow test Stanton
number profiles. A more realistic estimate was provided by the utilization of
an appropriately scaled Stanton number profile. In both cases, the Stanton
numbers were used to provide heat transfer coefficients to a DEAP thermal
model of the combustor wall and channel.
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Scaling the Stanton number required the utilization of thrust chamber
aerodynamic and thermal computer models. A boundary layer computer model was
required to provide a realistic hot-fire heat transfer coefficient between the
combustion gases and the combustor wall. A regenerative cooling computer
model named REGEN was used to determine a realistic heat transfer coefficient
between the channel wall and the coolant. ‘

The boundary layer computer model predicts a different heat transfer
coefficient than a typical flat plate correlation because of the extreme
environment existing in a combustor or nozzle. The influence of many effects
such as high velocity, fluid compressibility, high pressure, high temperature
and thermal gradients, and non-uniform fluid properties are modeled in this
program. A scaling factor Sg was applied to the Stanton number profile on the
ribs as defined by,

S = St from BL model
St from flat plate Cold Flow test

= 0.5 (Gas side scaling factor)

The REGEN computer model has been used extensively by Rocketdyne in the
thermal design of regeneratively cooled thrust chambers. REGEN was used to
determine the heat transfer coefficient on the liquid side. This was expected
to differ from a typical internal flow correlation because of the differences
in thermal properties between fluids such as air and a supercritical cryogenic
coolant. A scaling factor S] was applied to the channel Stanton number
profile as defined by,

S = St from REGEN
St from open channel Cold Flow Test

1.2 (Liquid side scaling factor)

After these scaling factors were applied to the Stanton number profiles, the
corresponding heat transfer coefficients were calculated based upon rocket
engine conditions (by definition, h = St pUoCp). These values provided the

RI/RD86-199
2-58
0515k



boundary conditions for DEAP thermal model of the combustor wall and channel.
This model predicted the hot-fire wall temperatures and heat fluxes
corresponding to the different rib and channel configurations.

The heat transfer enhancement predictions for hot-fire conditions are shown in
Figure 2-34, which compares the heat transfer rates relative to a smooth

wall. The percent of heat transfer enhancement is listed above each bar. The
lower, conservative, estimate was based upon unscaled Stanton number

profiles. The best estimate utilized the scaling factors Sg and S] before
inputting the Stanton number profiles into the DEAP model. These values
provide a bracket on the enhancement that can be expected in an actual
combustor.

A summary of the rib flow test results and analyses is shown in the bar chart
in Figure 2-35. Each rib configuration has four bars associated with it
corresponding to the results of: unscaled Cold Flow tests, Hot Calorimeter
tests, a DEAP thermal model for calorimeter conditions, a DEAP model for
hot-fire conditions.

A comparison of the first two bars of each configuration demonstrates that the
Cold Flow tests and the Calorimeter tests yield compdarable results. These
tests predict the heat transfer enhancement within 5% of each other. This
Tends support to the cold flow test data analysis procedure used in the
transformation of velocity profiles to heat transfer rates.

The third bar of each configuration represents the result of a ribbed wall and
channel DEAP thermal model which was run for the calorimeter test conditions.
In this model, the Stanton number profiles predicted in the cold flow tests
were used to determine the heat transfer coefficient about the rib. This
represents the heat transfer prediction based upon cold flow results for a —
location near the end of the cylindrical combustor. Since this is the region
of minimum enhancement due to boundary layer growth, it was expected that this
predicted value would be less than the corresponding calorimeter result.

The fourth bar represents the DEAP model best estimate for hot-fire
conditions. A substantial lowering of the rib effectiveness was expected due
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to the non-isothermal rib effect at high heat fluxes. Since the calorimeter
tests were performed at relatively low heat fluxes, the ribs were isothermal.
However, under hot-fire conditions the rib tip was predicted to be much hotter
than the rib base, thus decreasing the effectiveness of the rib.

Selected Rib Configurations

Results of scaling analysis using the cold flow velocimeter data have
indicated that a 0.040 high-0.040 base truncated triangular rib with a 0.020
tip width and a pitch of 0.0785 had the highest performance. Wall
temperatures for this configuration are projected to be acceptable and
fabricability was demonstrated during fabrication of the hot-air calorimeter
test chamber. Accordingly, this design is the top recommended configuration.

The second recommended configuration is a 0.030 high-0.040 base truncated
triangular rib with a 0.020 tip width and a 0.0785 pitch. This design was not
directly tested in the air test programs, but is projected to be near the peak
of the enhancement curve derived from test data. The design will also have a
Tower wall temperature than a taller option having the same enhancement so
will have a longer 1ife.

Taller rib configurations and those with greater pitches, such as the 'skip
rib' design, are not favored due to lower enhancement at hot-fire conditions.
The taller ribs are also predicted to have higher wall temperatures which
reduce combustor 1life.

The selected configurations are depicted in Figure 2-36 with standard 0.040 x
0.080 coolant channels included as a reference.
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j/r-\\ 0.040 tall - 0.040 base rib with

0.020 tip width - 0.0785 pitch

0.030 tall - 0.040 base rib with
0.020 tip width - 0.0785 pitch

Figure 2-36. Selected Rib Configurations
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3.0 SUBTASK II - INCREASED LIFE STUDY
OBJECTIVE

The objective of this study was to evaluate alternate combustor coolant
channel geometries that will enhance the combustor liner service 1ife. Design
objectives are to maintain an acceptable wall temperature with the increased
heat extraction due to hot-gas wall ribs without excessive coolant circuit
pressure drop or adverse structural efficiency. Supporting task objectives
were to: screen appropriate channel candidate configurations; evaluate the
flow characteristics in the channels; compare the designs at hot-fire
conditions; and select the best designs for hot-fire test evaluations.

APPROACH

The approach followed for this subtask is summarized in the right hand side of
Figure 1-2. A matrix of candidate channel configurations was developed based
on previous design studies at Rocketdyne. The matrix featured channels with
base fins, high aspect ratio rectangular channels, rounded corner channels,
and channels with interrupted flow fins. The base fins were of varying width,
aspect ratio, shape, and number (one or two).

These candidates were screened by relative rating for temperature reduction
capability (1ife), pressure drop, boundary layer build-up risk, producibility,
and heat transfer enhancement. Heat transfer analyses were conducted using a
two-dimensional computer model using fully developed flow characteristics in
the channels. Results of the thermal analyses and evaluations in the other
categories were used to select eight configurations for laboratory testing.

A cold flow velocity profile mapping test series, using the same fixture as—~in
the hot-gas rib series, was conducted for the various channel configurations.

The air flow velocity data were analytically scaled to hot-fire conditions to

evaluate channel performance.

Three enhanced channel configurations were selected for hot-fire evaluation in
the next program phase.

RI/RD86-199
3-1
0526k



SCREENING ANALYSIS

A matrix of enhanced coolant channel concepts was formulated to provide a
number of options for enhancing cooling efficiently. Five categories of
channel enhancement methods were included:

I. Standard rectangular shape - varied aspect ratio
e Variations on present channel design - no change in
fabrication methods.
II1. Finned base - varied aspect ratio, number of fins, and the fin
taper
e Preliminary analysis shows promise in reducing hot-gas
rib temperature.
III. Varied corner radii for cases I and II
e To evaluate effects of varied radii on boundary layer
and 4P.
Iv. Alternating channels, of Case I and II or I and III
' e Using alternate channel types may allow specific cooling
of hot spots (ribs) without a great sacrifice in coolant
AP,
V. Interrupted fins - intermittent fin or channel base posts
e To investigate advantages of boundary layer break-up and
evaluate effect on AP.

The channel geometries are depicted in Figure 3-1 along with the feature
dimensions.

Heat transfer and other data for all geometries originally proposed were
analyzed, and each geometry rated in five categories: Structure & Life
Considerations; Coolant Pressure Drop; Boundary Layer Risk; Producibility and
Heat Transfer. A scale of 0 to 10 was used for each rating category, with
zero indicating an unacceptable risk or benefit and ten being an optimum
condition within that category.

A category weighting system was employed to rate each category with respect to
its importance in determining selection rank. Structural considerations and
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coolant pressure drop were considered to be most important in determining
selection ranking, together representing 60% of the weighted sums. Criteria
for determining ratings within each category are included in Appendix E.

As mentioned previously, several cases were evaluated with the channel
positioned under the hot-gas rib and under the land for comparison of heat
transfer capability. No significant difference was noted, so from a heat
transfer standpoint the location of the channel is not crucial. Further
evaluation of structural considerations will be made following Subtask 3 of
the task.

The final selection ranking, and the recommended channel candidates were based
mainly on the weighted score rank. Another factor affecting selection was
avoidance of duplication in flow analysis effort.

The dual-finned channel geometries were the highest ranked of the 27
configurations rated in this study. This is the result of the increased heat
transfer provided by the two coolant-side fins, resulting in a much lower
maximum material temperature. The additional channel width aids in offsetting
the increased pressure drop associated with the addition of fins to a

channel. Both dual-fin geometries are recommended to study the effect of
differing fin aspect ratio on coolant flow in the channel.

Single-finned channels were the most consistent in their beneficial
enhancement effects, and four were selected for this flow study. The .015 x
.015 finned channel showed the highest score in rating and is the lowest in
fin aspect ratio. The .024 x .015 finned channel was selected for its higher
aspect ratio, and to study flow effects of the higher, wider fin (as it
differs from the .010 wide fins in the dual-fin channels). The two tapered
fin geometries were also selected, and will allow comparison with the standard

—

rectangular fin.

The increased corner radii selection was selected for testing in order to gain
additional insight in coolant channel flow/boundary layer characteristics.
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High aspect ratio rectangular channels were analyzed for widths between 0.020
and the 0.040 reference. The number of channels was increased in accordance
with the width, but the land width was held at 0.040. Initial results
indicated increased wall temperature and pressure drop for these
configurations compared to the reference case (0.040 x 0.080 rectangle).
Therefore, these configurations were not selected for test.

Subsequent review of computer outputs showed that a program override feature
was mistakenly increasing the heat flux when the channel width was reduced.
The cases were, therefore, invalid since they could not be directly compared
to the other configurations. Later analysis indicated that high aspect ratio
channels could provide a cooling benefit if both channels and land widths were
reduced simultaneously.

The combination geometries (category IV) resulted in a very good compromise
between rib temperature reduction and channel pressure drop. Such channel
geometry combinations show promise, but were not selected for this test since
cold flow study of the individual channels shown would be duplicated by
selection in categories I & Ila.

Specific heat transfer models of interrupted-flow (category V) type
configurations were not made due to the time and complexity involved in such a
task. Other analysis of this type of channel geometry have concluded that any
advantage gained in utilizing an "interrupted fin" geometry would be more than
off-set by the cost and complexity of fabricating it. The concept of breaking
up the boundary layer along the coolant channel fin may be worthy of
additional study, but is outside the scope of this task.

The ratings and ranking of the channel geometries considered in the study are
presented on Table 3-1. The coolant geometries recommended for testing wepe:

1. & 2. Dual fin geometries; fin aspect ratios 1.5 and 2.4.

3, 4, 6 & 7 Single fin geometries; fin aspect ratios 1.0 and 2.4, and
taper fin.

5. Finned channel with large corner radii (flow study)

8. Baseline .040 x .080 standard channel.
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TABLE 3-1
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AIR TEST PROGRAM DEFINITION

The cold flow velocity mapping test method was selected as the evaluation
means for the coolant channel designs. An analysis was conducted to select
the channel scale and flow conditions for testing. A design for modifying the
existing fixture design was completed.

Analysis

The channel flow conditions required for accurate simulation were less
stringent than those requiréd by the external rib flow tests. Whereas for
external flow tests a growing boundary layer must be correctly scaled, no such
scaling problem arises in channel flows. The only requirement is that the
channel flow be both hydrodynamically and thermally fully developed, and be
fully turbulent as is the case for combustor channel flow.

The requirement for fully developed turbulence was satisfied by the Reynold's
number capability of the Cold Flow test bed. A typical channel air flow
velocity of 72 meters/sec corresponds to a Re = 50,000 which is far above the
transition Re = 2500. This is based upon an eight times scale channel
hydraulic diameter of Dh = 0.424 inches. Thus, the channel flow was assured
to be fully turbulent. Although this is still an order of magnitude below the
Reynold's number of an actual combustor channel, hydrodynamic similarity
affords the extrapolation of the cold flow test results to these conditions.

The requirement of a hydrodynamically and thermally developed flow was based
upon a conservative estimate of an entrance length of one hundred hydraulic
diameters L = 100Dh. This corresponds to a length of L = 42.4 inches.
Therefore, velocimeter measurements were taken at a distance of 72 inches
downstream of the channel inlet. This insured that the internal flow in the
channel was fully developed.

Test Fixture Design

The channel test panels were designed to fit into the existing test fixture
with minimal changes. The main requirement for the test fixture was to

RI/RD86-199
3-7
0526k



properly create the correct channel flow conditions by providing a fixed
boundary at the channel 'outside' wall to simulate the channel closeout. This
was accomplished by positioning the test panel flush against the cover plate,
using the cover as the closeout with the channel shape in the test panel
itself.

Spacers were designed to raise the test panel from the lower (rib) test
position to the upper (channel) test position. Exact measurements of the
fabricated side panels were made to precisely size the spacers to provide a
minimum gap between the test panels and the cover.

Two test panels were designed with four of the selected channel configurations
in each panel. The channels were eight times scale as specified by the test
analysis. A black anodize surface treatment was selected to reduce
reflectivity.

A cross section of the channel cold flow test fixture configuration is
presented in Figure 3-2. The detail drawings for the spacers and panels are
contained in Appendix F.

COLD FLOW TEST PROGRAM (CHANNELS)
Fabrication

The spacers and test panels were fabricated per the drawing requirements. The
aluminum spacers were machined to match the test fixture bolt hole patterns.

The test panels were machined from aluminum plate. Special attention was
given to maintaining smooth machine cuts in the channel shapes to prevent flow
disturbances. The panels were black anodized after machining to provide a
non-reflective surface. Photographs of the completed test panels are givéﬁ in
Figure 3-3. The channel configurations were dimensionally inspected at
completion to ensure acceptability and to provide exact dimensions for use in
formulating grid points for the velocity measurement matrix.
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Testing

The same basic test approach as used for the rib flow evaluation was followed
for the channel tests. A test matrix, Appendix F, similar to that used for
the rib tests was initially planned, however, it was decided to observe the
channel results only at the end window station as was done with the ribs.

Installation. The change-over to the channel test set-up was made without
significant alteration to the overall test system. The channel panels were

installed using the spacers without need to adjust the fixture side panels.
An endplate was made for the fixture to cover the open area under the channel
test panel and force the air to go only through the channel passages. The
flow tubes and screens were removed from the plenum and the end section
carefully sealed.

Just prior to installing the cover, a very thin coating of RTV elastomer was
applied to the areas between the channels to provide a gap filler and a seal
to preclude cross flow. The cover was installed and tightened down prior to
RTV curing.

Tests. Initially, channel center velocities were measured to ensure that the
required test conditions were met. Velocities of approximately 70 m/sec were
obtained, resulting in a Reynolds number much greater than the 10,000

minimum. The seeding system was used for these tests and high data rates were
obtained due to the particle concentration in the flow.

The data collection process was the same as for the rib tests. The reference
channel and five enhanced channel geometries were mapped. Results are
exemplified by the velocity field for the single tall fin configuration,
Figure 3-4. As many as eighty data points were collected within the —
channels. Velocity maps for all of the tested channels are contained in
Appendix F.

The results from these tests provide the first detailed flow velocity
information in enhanced and rectangular coolant channels. The quantified
velocity profiles were obtained to allow analytical assessments to be adjusted
for heat transfer degradation due to velocity decreases in the corner and fin
valley sections.
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SELECTION ANALYSIS

Scaling Results (Channels)

The scaling analysis for the coolant side conditions follows the same
procedure as for the ribs. The coolant properties are scaled for hydrogen at
the proper conditions at the end of the combustor cylindrical section. In the
final scaling, corrections are made for the supercritical fluid properties,
large bulk wall temperature gradients, and high heat flux effects. Again,
these could not be simulated in the laboratory and a more realistic assessment
of channel performance is obtained by this scaling. An example Stanton number
profile for tall fin configuration is shown in Figure 3-5. The integrated
cooling benefit (transfer coefficient x area) for the candidate channels is
shown in Figure 3-6.

In addition to these configurations, high aspect ratio channels were
considered in the analysis. No cold flow data were obtained for a rectangular
channel other than the 2:1 aspect ratio reference channel. Analysis conducted
compared a case where double the number of channels were evaluated. This
configuration, with two 0.020 wide channels with 0.0204 1and widths per
channel, was evaluated at various channel heights (flow areas). A slight
temperature increase occurred compared to the reference case, but the
combustor pressure drop was lower. The pressure drop decreased further with
increased channel height, but the wall temperature also increased. Reducing
the channel height would be expected to increase velocities and decrease the
wall temperature although the pressure drop would increase correspondingly.

Maintaining a wall temperature commensurate with long 1ife at the higher heat
fluxes is the primary goal for the enhanced channel designs. Accordingly, the
temperature reduction compared to the reference channel is an appropriate _
means for comparing the configurations. (The heat flux enhancement is not
affected appreciably by the channel design.) A graph of the temperature
benefit for the tested enhanced geometries compared to the reference channel
is presented in Figure 3-7. It can be noted in comparing figures 3-6 and 3-7
that only small differences in the cooling enhancement are sufficient to
produce the temperature differences.
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Selected Enhanced Channel Configurations

The two recommended channel configurations tested in the cold flow velocity
mapping program are the single fin designs with a high and low aspect ratio
fin. The 'tall fin' is a 0.024 tal1-0.015 wide reétangu]ar fin placed in the
center of a 0.040 wide-0.080 tall rectangular channel. The land width is
slightly more than the 0.040 channel width. The second design is similar to
the first except that the fin height is reduced to 0.015.

High aspect ratio channels (AR>2.0) were investigated by analysis, but were
not flow tested. Evaluation of a configuration with double the number of
channels in the ribbed section (a 0.020 wide-0.080 tall rectangular channel
with a land of approximately 0.020) was made using unadjusted flow
conditions. A lower pressure drop resulted, although the trough wall
temperature was higher than the reference case. A Tower wall temperature
could be achieved by reducing the channel height although the pressure drop
would increase accordingly. Without specific flow data to support a refined
analysis, this design cannot be completely evaluated and compared to the other
designs. Because of the potential benefits, it is recommended that this
configuration be included in the channel test calorimeter to complete the
evaluation. This would require the test sections in the calorimeter to be
quarter sections rather than one-thirds arcs. This is not expected to impact
the design or quality of the results significantly.

The configurations are depicted in Figure 3-8 with sample hot-gas wall ribs
included as a reference to indicate channel orientation.
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0.040 wide - 0.080 tall channel with
0.015 wide - 0.024 tall fin

0.040 wide - 0.080 tall channel with
0.015 wide - 0.015 tall fin

0.020 wide - 0.080 tall high aspect
ratio channel

Figure 3-8. Selected Channel Configurations
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4.0 CONCLUSION

A structured selection analysis process has been completed to determine the
best hot gas rib and enhanced coolant channel candidates for hot-fire
evaluation. The process included analytical screening using available
computer models with an assumption that ideal boundary layer behavior

occured. Laboratory test programs were conducted to further screen the
candidates and to evaluate the flow assumption. The test results provided a
base for directly comparing the designs. Quantative flow field data,
previously not available for the enhanced combustor geometries and conditions,
were obtained in the laboratory tests to anchor flow behavior representation.

The results Tead to the selection of the 0.040 high - 0.040 base rib and the
single high fin channel configurations as the top candidates. Other
configurations selected were a 0.030 high - 0.040 base rib, a single low fin
channel and high aspect ratio (0.020 wide - 0.080 tall) rectangular channels.
Reference designs are a smooth hot gas wall and a 0.040 wide - 0.080 tall
rectangular coolant channel.

The laboratory test results were crucial in arriving at this selection. The
flow mapping tests showed that the flow field did not match the 'ideal' case
and that several designs that appeared 'better' in the analytical screening
could be expected to perform poorly under actual conditions. The designs
selected provided the best blend of thermal enhancement and temperature and
pressure drop control.

The integrated enhancement for the ribbed combustor section with the top
candidate 0.040 high rib is 60% above the comparative smooth wall design.
Laboratory flow test results showed that the design suffered a minimal amount
of heat transfer degradation compared to an 'ideal' case where the boundary-
layer was uniform. Although the enhancement at the end of the combustor
cylindrical section was somewhat lower than the optimum value, the integrated
heat 1oad enhancement (following an exponential build-up) for the ribbed
section was only 6% less. Further, in terms of the overall combustor heat
load, including the converging throat section and the diverging nozzle
portion, the difference compared to optimal was only 4%. These results are
summarized in Figure 4-1.
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Incorporating the enhancements into an OTV engine combustor can have several
significant impacts. An overall increased heat load of 41.6% provides
additional energy to drive the propeliant pump turbines, thereby increasing
engine chamber pressure capability. A comparison of the attainable chamber
preésure for the smooth wall cylindrical contour, 'best estimate' for the
0.040 rib, and 'ideal' case {uniform heat transfer coefficient) for the 0.040
rib are indicated in Figure 4-2. The smooth wall tapered combustor contour
used in the Integrated Component Evaluator (ICE) is also included as a
reference for an enhanced combustor.

Hot-fire tests are planned to perform a final screening and verification of
the candidate enhancements. These tests will be conducted at the design
conditions to obtain accurate heat flux and hot gas flow conditions.

The test program will be conducted using the Integrated Components Evaluator
(ICE) expander cycle test system. The enhanced combustor designs will be
tested using a replaceable water cooled calorimeter spool section that is
incorporated in the ICE thrust chamber. The spool fits between the injector
and existing smooth wall tapered combustor as shown in Figure 4-3.

Tests will be conducted on the two rib designs and the smooth wall reference
with circumferentially cooled spools. The three candidate enhanced channels
and the reference channel will be tested using a single axially cooled, smooth

walled spool.

These tests will provide the quantitative comparison of the candidates at
hot-fire conditions needed to selecte the final designs to be incorporated in
the enhanced combustor design. Additionally, the hot-fire results will be
used to further anchor analytical tools so that a more accurate analysis of-
the detail combustor design can be made.
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APPENDIX A

RIB ANALYSIS COMPUTER OUTPUTS ,
RIB EVALUATION CRITERIA RATING SCALES
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\\, DYTCQO DuUm
LOC, . 5
NUMBER ADMITTANCES (Y) . e
! 4.746E-03 7,54BE-03 6.274E-03 §,376E-03 4.316E-03 2,008E-03 2.010E~-03 1,007E-03
H 6,270E-03 5,372E-03 4,.314E-03 2,946GE~-03 2,954E-03 3,258E-03 3,564€-03 3.572E-03
21 3.586E-03 3,588E-03 3,509E-03 },6569E~03 1.994E-03 9, 129E+08 9,844E-04 2. 046E-03
31 3,563E-03 3.571E~03 3,577E-03 ),582E~03 3,585E-03 3,5876-03 3,588E-03 1.660E-03
41 9.952E-04 2,049E-03 2.855€-03 3,258E-03 3,564E-03 3,572E-03 3,578E-03 3.583E-03
51 3,590E-03 1.582E-03 2.048E-03 9,979E-04 9.955E~-04 2,008E-03 2.011E-03 1.007E-03
61 6.491E-04 7,352E-04 1.417E-03 6,965E-04 1,343E-03 1,657E-03 1.974E-03 2.293E-03
7V 5,792€-03 2,6B5E-03 3.3126-03 3.946E-03 4.5B6E-03 1,253E-02 9,720E-03 9.743E-03
81 3.313E-03 3.318E~03 3,322E-03 3,324E-03 3.325E-03 3,326E-03 1, 174E~03 |.093E~03
91 1.971E-03 2,201E~03 1.44BE-02 4,04BE-03 4.061E-03 6,594E-03 6,609E-03 6.622E-03
1014 6.644E-03 6.647E-03 6.64BE-03 9,427E-04 B8,849E-04 1,360E-02 7,875E-03 7.B894E-03
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131 !.172E-03 5.779E-03 5.787E-03 5,796E~03-2.826E-03-6,631E~03-5,731E-03~1,966E~03
141 2.439€-03 7,285€-04 7.078E-04 B,950E-06 |,790E-05 2,7456-05 3,699E~05 3. 699E-05
151 7.210E-05 7,210E-05 3.6056-05 4,427E-04 6.824E-04 4,932E-04 5,244E-04 5.508E-04
161 6.019E-04 6.0B8E-04 9.154E~04 6,047E-04 4.485E-04 6.867E~04 4.940E-04 5.246E-04
177 5.907E-04 6,039E-04 6.133E~-04 9,323E-04 6.443E-04 0. 0. o,
LOCATIONS 181 THROUGH 2999 EQUAL O,
Loc, / E
NUMBER TEMPERATURES (T) 7w-r0 o'(‘“‘he ‘»//316
1 6.059E+02 6.918E+02 7.089E+02 O, 0. 0. 0, 0.
' 6.2B0E+02 6,34Y9E+02 6,557E+02 O, o. 0. 0. o,
21  5.494E+02 5.573E+02 5.819E+02 0, 0. 0. 0. 0.
31 4,582E+02 4.650E+02 4,.915E+02 0, a. 0. 0. 0.
41 3.621E+02 3.668E+02 3,809E+02 3,.610E+02 3,393E+02 3,357E+02 0. o,
51 3,211E+02 3,252E+02 3.477E+02 3.193E+02 3,018E+02 2,084E+02 0. - 0,
6} 2.78BE+02 2.670E+02 2,662E+02 2.591E+02 2.523E+02 2,599E+02 0. 0, ..
71 2.406E+02 2,067E+02 1,895E+02 1,990E+02 1,992E+02 2,241E+02 O, 0,
81 o0, 1,167E+02 |,290E+02 1,316E+02 1,141E+02 0, g, 0, .
91 o0, 6.502E+01 7.441E+01 7,510E+Q1 5,468€+01 0, o, 0.
10y 0O, 1.108E+01 3,004E+0) 3,015E+01 1,087E+01 O, 0, .o,
iy 0. ~2,120E+01-4.098E+00~4, 2B0E+00~-2, 166E+01 0. o, “a,
12y 0, -4,4)7E+01-2,887E+01~2,039E+01-4,522E+01 O, 0, 0.
137 o, ~6.915E+01~4,609E+01-4,622E+01-6, 1546401 0, o, 0,
141 0, -6.707E+01~5,311E+01-5,539E+01~7,252E+01 0, 0. 0.
15 -6,253E+01~6,003E+01-5,235E+01-5,653E+01~B. 179E+01-1,057E+02 0, 0.
V61 -3, 104E+01-1,273E+01~1,234E6+01-2,042E+01-4,832E+0)~6.240E+01 0. o,
171 -9,H06E+00 7,000E+01 7,000E+0) 3,231E+00-2,880E+01-4,631E+G1 0. 0.
LOCATIONS 181 THROUGH 999 EQUAL O, Lo
Loc, Vg
NUMBER CAPACITANCES (C) v
LOCATIONS I THROUGH 999 EQuUAL o0, .. °"
] ‘ . H
Loe, ‘
NUMBER GEN. RATES (Q) -
V.THROUGH 999 EQUAL O.. . " & i

-/

CODOOOOLOODDDOODOD

4,744E~03 7.544E-03
J3,67DE-03 3,583E-03
2,954E-03 3,258€E-03
"2,D11E~03 9.469E-04
3,586E~03 3,588E-03
7.167E-04 1.370E~03
5.773E-03 5,783E-~03
3.297E~03 3.307€-03
1.341E-03 1.655€E-03
6.632E-03 6.639E-03
6,.593E-03 6.609E-03
"1, 164E-02 9,727E-03
3,327E-03 1,202E-03
4,045E-05 2.442E-03
3.699E-05 5,485E-05
§.727E-04 '5.899E6~04
5.509E-04 5,730E-04
o, . 0.

=]

-~ 0DO00OD

258E+03~

i

820€+02

CoOO0COoODDDOOOODOD

»"51»'3:7’7 &Y

"/C.Bw' = L0

LOCATIONS

RHv.0y



o DYTCQ DU
LoC.
NUMBER ADMITTANCES (V) " o .
i 7.010E-03 1,116E~02 9,305E-03 7,999E~-03 5,469E~03 1.998E~-03 2,003E-03 1.004E-03
" 9,299E-03 7,994E-03 5.4B0E-03 2.935E-03 2 944E-03 3,240E-03 3,557E-03 3.568E~03
21 3.683E-03 3.685£-03 3,BH7E-03 1,647E~03 1,978E-03 9, 129E+00 9,910E~04 2,936E-03
a1 3,556E~03 3,565E-03 3,672E-03 3,577E-03 3 §82E-03 3,584E-03 3,5H46E-03 1,534E~03
A1 9.925E-04 2,941€-03 2,94BE-03 3,250€E-03 3,557E-03 3,566E-03 3,573E~03 3.579E-03
51 3,587E-03 |,559E-03 2,027E-03 9,9006~04 9,931E-04 2,003E-03 2.007E~03 1, 005E~03
61 6,474E~04 7.274E-04 1.403E~03 6,901E~04 B,821E-04 1,091E~03 1,303E-03 }.519E~03
71 §.7726-03 1,764E-03 2.181E~03 2,605E-03 3,03BE-03 1,248E-02 9,685E-03 9,712E-03
Bl 3.308E-03 3.314E-03 3.318E~-03 3,321E-03 3,323E-03 3,324E-03 1,162E~03 1,088E-03
91 1,J01E~03 1,61BE~-03 1,443E-02 4,035E-03 4,050E-03 8,6579E~03 8,696E~03 B.611E~-03
101 6.63BE-03 6.642E-03 6,644E-03 9,307E-04 B.807£-04 1,356E-02 7.854E-03 7,874E-03
11 6.611E-03 6,623E-03 6.632E~03 6.638E~D3 6.643E~03 6,645E-03 9.399E-04 9. 165E-~04
21 9,7256-03 3,291E-03 3,301E-03 3.309E-03 3,314E~03 3.318E-03 3.321E-03 3,324E~03
131 1.,160E~03 5,766E-03 65,774E-03 5,783E-ND3-2,014E-03-68,604E-03-6,712E~03~1,061E~03
141 2.439E-03 7.219E~04 7,011E-04 8.950E-06 1,790E~05 3,620E-05 5,450E~06 5,450E-05
151 7.210E-05 7.210E-05 3.605E~05 4,177E~04 6.477E~04 4,716E-04 5,044E-D4 5,325E-04
161 5,897E~-04 65.986E-04 9,049E-04 6,025E-04 4.324E-04 6,604E-04 4,755E~-04 §,062E~04
171 5.764E-04 6,816E~04 6.028E-04 9,180E~04 6.392E-04 O, 0. . .
LOCATIONS 1B1 THROUGH 2999 EQUAL O,
LoC.
NUMBER TEMPERATURES (T). r4 o(aue/s/p'.é
) 1.075E+03 1,000E+03 1,095E+03 O, -0, ‘0. 0. 0.
" 9.803E+02 9,B6B8E+02 1,D06E+03 0, 0. o, 0. 0,
21 B8.378E+02 B8.456E+02 8,69 1E+02 0. 0. 0. 0. 0.
n 6.635E+02 6,711E+02 6,965E+02 0, o, o, 0, 0,
4 4,73HE+02 4,747E+02 4,B27E+02 4,25B8E+02 4,025E+02 3,9536+02 O, 0.
51 4.228E+02 4,238E+02 4.4186+02 3,924E+02 3,648E+02 3.576E+02 0, 0.
61 3.716E+02 3.529E+02 3,444E+02 3,265E+02 3.126E+02 3,174E+02 O, 0,
71 3,270E£+02 2.B09E+02 2.544E+D2 2,503E+02 2,553E+02 2,791E+02 0, 0,
B 0. 1.712E+402 1,834E+02 1,832E+02 1.619E+02 O, o, o O..
g} o 9.B865E+01 1,194E+02 1,186E+02 9,493E+0) O, 0. a.
101 0. 4,623E+01 6,716E+01 6,6B4E+01 4,451E+01 0. 0. 0.,
1t 0. 7.630E+00 2,662E+01 2,611E+01 6,417E+00 O, 0, o, .
121 o, ~2,044E+01-3,280E+00~3,927E+00~2, V74E+0} O, ‘ o, 0,
131 0. ~3.943E+01-2,354E+01-2,467E+01-4, 180E+01 O, 0, 0.
141 0, ~5.077E+01-3,461E+01-3,676E+01~-5,590E+01 0, o0, .0,
151 -5,557E+01-5,646E+01~3,670E+01-3,967E+01~6,B34E+01~9.876E+01 0. "0, ;
161 ~2,4B5E+0D1~6,307E+00-3,493E+00-1,001E+01-3,769E+01-5,268E+01 0, .. 0, .
171 ~4.953E+00 7.000E+01 7,000E+01 9,786E+00-2,095E+01-3,6B9E+01 0. 0.
LOCATIONS 18} THROUGH 989 EQUAL O, i
Loc.
NUMBER CAPACITANCES (C)
' LOCATTONS V' THROUGH 999 EQUAL O,
‘ .
Loc,
NUMBER GEN, RATES Q)
LOCATIONS ' THROUGH 999 EQUAL 0.

Y

7.007E~03

3,673E~03
2,948E-03
1.992E-03
3.683E-03
7.089E~-04
§.749E-03
3,289E-03

8,B13E~04

6,823E~03
8,579E~-03
1,161E-02

'3,326€E-03

4,035E~05
§5,450E~05

1.116E~-02
3.679E-03
3,250E-03
9,436E-04
3,586E-03
1,381E~03
6.761E-03
3.300E-03
1.0B9E~-03
6.632E-03
6.596E-03
9.704E-03
1,188E~03
2,441E~-03

.6.330E-05

5,563E-04" 5, 755E-04
5,335E-04 5,570E-04

. O0D0ODOOODODODOODODOOD

. N
. a.
. 0.
. 0.
. 0.
+259E+03-1,790E+02
. 0.
S 0.
o 0.
» e 0.
o 0.
. o,
. 0.
' 0.
. 0.
. 0.
L] Dl
. - 0,
.. 0.
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/ oYTCQ
Loc. :
NUMBER ADMITTANCES (V) - ,

1 1.328E-02 2,125E-02 1,789E-D2 1,559E-02 B,B88E-03 1,981E-03 1,987E~03 0,965E~04
" 1.788€-02 | ,558E-02 8,899E-03 2,909E-03 2,923E-03 3,2296-03 3,539E~-03 3.552E-03
21 3.57S€-03 3,679E-03 3,581E-03 1,493E-03 1,936E-03 9, 1296+08 9,B30E-04 2.814E-03
31 3.539€-03 3.560E-03 3.560E-03 3,567E-03 3.573E-03 3.677E-03 3,580E-03 ).472E-03
41 9.863E-04 2.923E-03 2,931E-03 3.233E-03 3.541E-03 3,653E-03 3,562E-03 3.569E-03
51 3.582€-03 1,503E-03 1,975E-03 9.711E-04 9.876E-04 1,992E-03 1,996E-03 1.000E-03
61  6.434E-04 7.086E-04 1,36BE-03 6,748E-04 4,188E-04 5.217E-04 6,307E-04 7.463E-04
7V 5,726E-03 6.374E-04 1,043E-03 1,261E-03 1.493E-03 1,236E-02 9,606E-03 O .643E-03
81  3.296E-03 3,304E-03 3,310€-03 3,315E-03 3.318E-03 3.320E-03 1,134E-03 1,07BE~03
81  6.299E-04 7.459E-04 1,430E-02 4,003E-03 4,023E-03 6.544E-03 6,567E~03 8,58H6-03

101 6,624E-03 6,630E-03 6.633E-03 9,.017E-04 8.707E-04 1,347E~02 .7,004E-03 7.B829E~03
11t 6.587E~03 6.B603E-03 6.615E-03 6.624E-03 6,630E-03 6.634E~03 9,088E-04 8.973E~04
121 9,673E-03 3.275€-03 3.288E-03 3.297E-03 3,305E-03 3,311E-03 3,3165E6-03 3,318E~03"
131 1.133E-03 6,734E~03 6,743E-03 5,753E~03~2,788E-N3~6,544E-03~6.666E-03~}.849E~03
141 2,43BE-03 7.062E-04 6,B50E-04 B8,950E-06 1.790E-05 B,265E-05 1,07BE~04 1.078E-04
161 7.210E-05 7.210E-05 3.B05E-05 3.740E-04 5.852E-04 4,311E~04 4,657E~04 4,961E-04
161  5.634E-04 5.768E-04 B.812E-04 5.973E-04 4,009E-04 6.096E-04.4,396E-04 4.701E-04
171  5,4656-04 5,649E-04 5,799E-04 B,922E-~04 6,276E-04 O, 0, 0.
LOCATIONS 181 THROUGH 2999 EQUAL . O, -
LoC.
NUMBER TEMPERATURES (T) 2 aKaune/r./k’/Z

1 2.397E+03 2,.400E+03 2.412E+03 O, 0. 0, 0. G

V1 2,1BBE+03 2,194E+03 2.209E+03 O, 0. 0, 0. 0,
21 1.811E+03 1.81BE+03 1,830E+03 O, o, 0, o, 0,
31 1.310E+03 1,318E+03 1,342E+03 O, 0. 0, o, 0,
41 7,253E+02 7.221E+02 7,205E+02 5.9BBE+02 5,509E+02 §,354E+02 0. Co,
51  6.536E+02 6,490E+02 6.607E+02 5,83 1E+02 5, 125E+02 4,069E+02 O, 0, .
61  6,B37E+02 6,506E+02 5,264E+02 4,B840E+02 4,543E+02 4,630E+02 0. 0,
71 5,265E+02 4,629E+02 4,05BE+02 4,005€+02 3,875E+02 4,DB9E+02 0, "0,
a1 o, 3.012E6+02 3,111E+02 3,046E+02 2,749E+02 O, 0. S0,
81 o, 2.018E+02 2,265E+02 2,214E+02 1,905E+02 0. o, S0,

101 o0, 1.299E+02 1.661E+02 1,652BE+02 1,248E+02 0O, -0, .0,
11y 0. 7.626E+01 9,082E+01 0,856E+01 7,368E+01 O, o, .0,
121 0. 3.656E+01 6.797E+00 6.7056+01 3,473E+01.0, o, a,
131 o0, 8,120E+00 2,824E+01 2,715E+01 5,836E+00 0, 0. T 0,
141 o, -1,140E+01 0,8956E+00 B8, 182E+00~1,574E+01 0, R 0,
151 -3,B809E+01~2,B808E+01 4,2086E+00 1, 161E+00-3,680E+01~7,624E+01 0., 0,.
181 ~-1.00BE+01 }.214E+0} |,76BE+01 6,981E+00-1,215E+01~2,883E+01 0. 0.
171 8.63BE+00 7.000E+01 7.000E+01 2,643E+0) 4,612E-01-1,420E+0) O, . 0,
LOCATIONS 181 THROUGH 989 EQUAL O,
Loc. N
NUMBER CAPACITANCES (C)
‘ LOCATIONS | THROUGH 098 EQUAL O, -
] . :
Loc, , ) t
NUMBER GEN, RATES (Q)
LOCATIONS ! THROUGH 999 EQUAL 0, . ST

O0O0DODOODDOOOOCDOO

3.561E-03
2,926E~03
1.945E-03
3.675E6-03
6.926E-04
6.695E-03
3,269E-03
4.185E-04
8.602E-03
8.545E-03
1,154E-02
3.321E-03-
4,013E-05
1.078E-04_
6,228E-04"
4,985E-04

O'

259E+03~

s
.
.
.
[}
.
.

O=000D

OCOoOOODOODODOOOD

1,328E-02 2.126E-02

3.569E-03
3.232€E-03
9,356E-04
3.579E-03
1.339E-03
5.711E-03
3.285E-03
5.211E~04
6.615E-03
6.560E-03
9,650E~03
1.154E-03
2,440E-03
8,995E-05
5.454E-04
5.242E-D4

720E+02
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o,

LoC,
NUMBER

151
168
171

LoC.
NUMBER

11
21
<R
41
51
61
71
81
91
109
111
124
131
141
181
163
171

LocC.
NUMBER

Loc,
NUMBER

4,699€-03
6.206E-03
J3.544E-03
3,522E£~03
9,B844E-04
3,549E-03
6.016E-04
5.72BE~03
3.274E-03
1.851E-03
6.56BE~03
6.544E~03
9,637£~03
9,.330E-04
2,425€-03
6.848E~05
5.871E~04
6.772E-04

9.,369E+02
0,839E+02
8.119E+02
7.284E+02
6,402E+02
6,028E+02
5.636E+02
6.281E+02

CO0OOOD

1.5562E+02
| . 409E+02
1.268E+02

ADMITTANCE

7.472E-03
§.316E~03
3.547E-00
3,529E~03
2,916E-03
1,144€£-03
6,333E-04
2,65BE-03
3.279E~-03
2,267E-03
6,673E-03
8.654E-03
3,.260E-03
5.716E~-03
6,462E-04
6.848E-05
6.962E-04
§,862E-04

s (v)

DYTCQ

o

D

vy

6.210E-03 5,.319E-03 4,269E~03 1,984£-03 1,.988E-03 9,956E-04 4,697E~-03
4,268E-03 2.914E-03 2,921E-03 3,221E-03 3,523E~03 3,530E-03
V,154E-03 1.672E-03 9,129E+08 8,B36E~04 2,914E-03
3,535E~-03 *3,5406-09 3,643E-03 3,646E-03 3,549E~03 1,133E-03
3.221E-03 3.523€~-03 3,530E~-03 3,536E-03 3,541€E-03
1,986E~03 1,989E-03 9,959E-04
{.640E~-03 1.953E-03 2,269E~03
3.905E-03 4,5376~-03 1,239€~02 9,813E~03 9,634E~-03
3.2B5E-03 3,2B8E-03 3,291E-03 9,278E-04
4,004E-03 4.015E~03 6,519E~03 6,532E-03 6,544E£-03
7,358E-04 B8,081E-04 1,345E~02 7,78HBE-03 7,B05E-03
8.,568E-03 6,573E-~03 8,676E~03 7,266E~04 7.724E~04
3.274E-03 3,279E-03 3,282€~-03 3,285E-03 3,28BE-03
5,731E~-03-2,795E~-03-6,559E~03~6,6869E~03~1,844E-03
8,.500E-06 1,700E-05 2,B07E-05 3,513E~05 3,513E-05
4,862E-04 7.417E-04 5,194E-04 5,383E-04 5,.537E-04
6.310E-04 4,902E-04 7,445E-04 6,198E-04 6,384E-04
9,040E-04 6.151E-04 O, .

3.5508-03

2,922E-03
1.620£-03
1.097E-03
3,279E~03
3.282E~-03
1,432€-02
6.577E-03
6.562E-083
3.268E~03
6,723E-03
6.618E-04
3,424E-08
8.113E-04
6.942E-04

LOCATIONS

8,390E-04
6.684E-04

9.847€~04
1,329E-03

TEMPERATURES (T) T OQMAC/S/,(’,Z

8,423E+02
08.902£E+02
8,192E+02
7.353E+02
6,437E+02
6,066E+02
5,534E+02
4,983E+02
4,162E+02
3.611E+02
3.201E+02
2,B81E+02
2,6825E+02
2.414E+02
2,221E+02
1,990E+02
| . A05E+02
7.000E+01

9,500E+02
9,092E+02
8.417E+02
7.589E+02
6,676E+02
6,273E+02
8.628E+02
4,827E+02
4,274E+02
3,770E+02
3.349E+02
3,007E+02
2,732E+02
2,512E+02
2,341E+02
2,224E+02
1,600E+02
7.000E+01

LOCATIONS

CAPACITANCES (C)

)

GEN, RATES

0
0
0
0

B8.312E+02
8,014E+02
5.464E+02
4,814E+02
4,299E+02
3.778E+02
3,3582E+02
3,010E+02
2,738€E+02
2,621E+02
2,359E+02
2,258E+02
1.6665E+02
1.288E+02

181

LOCATIONS |

(Q)

LOCATIONS 1

o,
0‘
0.
0,
6.196E+02
5.853E+02
5,401E+D2
4,916E+02
4,149E+02
3.610E+02
3,203E+02
2,805E+02
2.634E+02
2.,433E+02
2,.263E+02
2,088E+02
1.747E+02
1.558E+02

THROUGH 998 EQUAL -
THROUGH 999 EQUAL O,

THROUGH 099 EQUAL 0, -

181 THROUGH 2999 EQUAL

[=E=NoRe)

e o e -

6.181E+02
5§,819E+02
5,466E+D2
5,136E+02

ocoooooe

1 ,845E+02
1.748BE+02
1.653E+02

O OODOOODODOODDODOODDODO

OC

.0,

e o @ o & 8 * &4 o & % e o 0 = s = =

.,

cocooooooocOCODOBDODD

1.003E-03

0.

'3,636E~03
. 2,921E-03
1.645E~03
3.544E-03
5,469E-04
6,7116~-03
3,250E-03
1.328E-03
6.554E~-03
6,6518E-03
1,161E-02
3.290E-03
4,001E-05
3,513E-05
5,666E-04
5.537E~04

. 0..

OCODOOOOODODOO—=DDOO

7.468E-03
3.541E-03
3.221E~-03
8.828E~04
3.547E-03
1.144E-03
6.719€E~03
J3.268E-03
1.638E-03
6.562E-03
6,532E-03
9,620E~03
9.021E~-04
2,424E-03
5.181E-08
5,776E-04
5.665E-04
o,
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Loc.
NUMBER
\  9,004E-03

11 1,209€-02
21 3,522E-03
31  3,494E-03
41 9.757E-04
51 3,529E-03
61 5,798E-04
71 6,670E-03
81 3,251E-03
81 9.535€-04
101 6,528E-03
111 6,497E-03
121 9.559€-03
131 8.270E-04
141 2.41BE-03
151  6.84BE-05
161 5.872E-04
171 §,763E-04

LOC.

NUMBER

1 1.780€+03

11 1,659E+03
21 1.463E+03
3! 1,214E+403
41 0,360E+D2
51  0.B16E+02
61 B8.274E+02
71 7.803€+02
i 0.

91 o0,

10t 0,
1o,

121 o,

131 o,

141 0.

161  2,617E+02
161 2,103E+02
171 1.896E+02
Loc.

NUMBER

Loc,

NUMBER

ADMITTANCE

1,448E-02
1,043E~-02
3.526E-03
3,503€-03
2,891E-03
9.264E-04
4,386E-01
1,2086E~-03
3.257E-03
1. 116E-03
6,536E-03
6,510E-03
3.234€-03
5,669E-03
4,624E-04
6.848E-~05
5,980E-04
5.860E-04

S (y)

1,210E-02
6.521E-03
3,630€E-03
3.510E-03
2,897E-03
1.427€E~-03
9.5326-04
1.693€-03
3.262€6-03
1.417E-02
6.540E-03
6.520E~03
3.244E-03
§,677E~-03
4.825E-04
3.424E-05
9, 189E-04
5,948E-04

iLOCATIONS

pYTCQ

1.043E-02
2.883E-03

9,449E-04
3.616E-03

3,194E-03

.909E-03

DUN

6,622E-03
2.892E-03

3.521E~-03
3,496E-03

2,234E-03

N

1.963E~03

3.525E-03 3,52BE-03 8,

1.868E~03 ©,860E-04
3.192E-03 3,495E-03 3.504E-03
1.530E-03 9,129E+08 9,737E-04 2.B85E-03

147€E-04

9,080E~-03

3.5126-03
2,895E-03
1,482E~03

3,508E-03 3.512E-03 3,517E~03 3,.522E-~03
7.711E-04 9,.764E-04 1,969E~03 1,973E-03 9,BB0E~04
4 979E-04 6,433E~-04 7,.967E~04 9,546E-04 1,1176-03
1.225E~02 8,513€~-03 9,541E~-03

3 265E~03 3,269E-03 3.273E-03 8,
3.964E-03 3.979E-03 6,465E-03 6,482E-03 6.497E-03
1,332E-02 7,719E-03 7,738E~-03
6.528E~-03 6.534E-03 6.539E-03 6,166E~-04 7.061E-04
3.251E-03 3.257€E~03 3,261E-03 3,265E-03 3.26BE-03
5.6065€-03~2,764E~03-6.487E~-03~5,612E~03~1,927E-03
8.600E-08 1,700E-05 4,279E-05 6,857E~05 6,857E-05

6.352E-04

4.782E-04 7,327E-04 &,

7.741E~04

V1HE-04 9,639E-04

152E-04 5,352E-04 5,513E~04

6.491E-04 4,925E-04 7.451E-04 S, 18BE~04 5,368E-04
9.069E-04 6,188E-04 O,

TEMPERATURES (T) Z c(ahhefs/ﬂ.'/a
TEMPERATURES (T

1.784E+0]
1.66G5E+03
1..470E+03
1.221E+03
9.3G4E+02
8,813E+02
8,074E+02
7,332E+02
6,220E+02
6,506E+02
4.974E+02
4,650E+02
4,224E+02
3.837E+02
3.660E+02
3.306E+02
2,076E+02
7,000E+01

CAPACITANC

)

GEN, RATES

1.797E+03
1.681E+03
t.490E+03
1,244€+03
9,386E+02
8.953E+02
7.950E+D2
7.039E+02

6,328E+02.

5,8684E+02
5,146E+02
4,707€+02
4,3408E+02
4,083E+02
3.813E+02
3.636E+02
2,217E+02
7.000E+01

LOCATIONS

ES (C)

s s a o

O0O0OD

8,662E+02
8.343E+02
7.706E+02
7.049E+02
8.306E+02
5.86BE+02
6, 139E+02
4,7T06E+02
4,364E6+02
4.089E+02
3,.847E+02
3,700E+02
2,B48E+02
1 .B10E+02

181

LOCATIONS |

(Q)

LOCATIONS 1

8,363E+02
8.010E+02
7.520E+402
6.972E+02
6.003E+02
5,452E+02
4.,954E+02
4,667E+02
4,236E+02
3,971E+02
3,741E+02
3.486E+02
2,755€+02
2,367E+02

THROUGH

181 THROUGH 2999 EQUAL

0.

a,

0,

0,
f1.252E+02
7.908E+02
7.829E+02
7.154E+02

COoOTOOD0O0D

3, 163E+02
2,811E+02
2,585E+02

ooobo

a.

0.

0
0,
0.
0

OCODOoOODOO

[
°
o
o
.
[
.
°
s

0
0-
0.

THROUGH 999 EQUAL O,

899 EQUAL O,

THROUGH 999 EQUAL O,

)
.
.
.
s

0.

-

CODDOODDODODOOCOOODODOR

© ® ® o & @ = &2 = & 5 s 6 © = & » e

DODOOoDDDOODODOMODDO - o

O 3 @ ° e @ & 8 > e & 8 6 5 e s e e

4.677E-04
5.646E-03
3,231E-03
6.42BE-04
6 .509E-03
6,465E-03
1.141E~-02
.3,271E-03
3.987E~-05
6.857E-05
6.649E~04
6,520E-04
00

259E+03

OCODDOOODDDODOODDOWOODO

® ® 3 2 & @ 3 & » & e e o 3 e e v =

1.448E-02
3.5617€E-03
3.194E-03
8.562E-04
3.526E-03
1.044E-03
6,668E-03
3,243E-03
7,959E-04
6.520E-03
6.482E-03
9,539E-03
7.610E-04
2,416E-03
6.8B53E-05
.5.767E-04
5,.650E-04

190E+02




LocC,
NUMBER
1 1.314E-02

1 1, 76GE-02
2\ 3.507€E-03
at 3.475E-03
41 9,698€E-04
51 3.616E-03
61 6.651E-04
" 5.631E-03
81 3.235E-03
91 6,216E-04
101 6.501E-03
1y 6.466E-03
121 9,506E~03
131 7.603E-04
141 2,414E-03
161 6,0848E~05
161 6.921E~04
171 6,807E-04

L.oc,

NUMBER

i 2.640€+03

(R 2,483E+03
21 2,114E+03
KR 1 .663E+03
41 1.136E+03
51 1,070E+03
61 { .006E+03
71 9,602E+02
81 o,

g1 o,

101 0,

(RN} 0.

121 0.

131 0.

141 0,

161 3.156E+02
161 2,696E+02
m 2.317€+02
Loc,

NUMBER

LocC.

NUMBER

ADMITTANCES

2,102E~-02
1,836E-02
3.512E~03
3.485E-03
2,873e~03
7.761E~04
3.744E~04
8,285E~04
3.242€-03
7.346E~04
6,509E-03
6.48B0E-03
3.217E~-03
§.637E~03
4,078E-04
6.848BE-05
6.03GE~-04
5,907€E-04

TEMPERATURES (T) Z

(v)

1.767E-02
8.764E-03
3,616E-03
3.494E-03
2. 880E-03
1.306E-03
8.610E-04
}.031E-03
3.24BE-03
1.406E-02
6.515E-03
6.491E-03
3.226E-03
5.645E-03
4,383E-04
3.424E-056
9.296E-04
5,099E-04

LOCATIONS

2,644E+03
2,458E+03
2.119E+03
1,670E+03
1, 134E+03
1 ,088E+03
9,798E+02
B8.919E+02
7.619E+02
8.778E+02
6, 165E+02
5.6B8E+02
6,301E+02
4,968E+02
4.640E+02
4,208E+02
2,497€+02
7.000E+01

2,654€E+03
2,471E+03
2,137E+03
1.681E+03
1.133E+03
1, 079E+03
9,.698E+02
8.635E+02
7.713E+02
6.872E+02
6,366E+02
5,852E+02
6.439E+02
5,098E+02
4,817€E+02
4,607E+02
2,660E+02
7.000E+01

LOCATIONS

CAPACITANCES (C)

)

GEN, RATES

LOCATIONS 1

(Q)

LOCATIONS |

DYTCQ DUM

: B
V1.637E~-02 B8,753E~03 1,048E-03 1,9854E~-03 9,798E~04

2,861E~-03 2,873E-03 3,173E~03 3,476E~03 3,487€-03

8.014E-04 1,442E~03 9,129E+08

8.6868E-04

2,866E-03

1.314€-02
3.495€-03
2.876E~03

3.501E~03 3,608E-03 3,511E-03 3,515E~03 7,645E-04 1,381E-03
3.177E-03 3.470E-03 3,487E-03 3,495E-03 3,502E-03
7.207E-04 B,709E-04 1,950€E~03 1,D62E-03 9,827E~-04
4.601E-04 4,143E-04 5,155E~04 6,222E~04 7.350E-04

1,244E~03 1,470E-03

1.216E~02 9,446€E-03 9,479E-03

3.262E-03 3,256E-03 3,261E~03 7,345E-04 9,394E-04

3.836E-03 3,.954E~03 6,428E-03
5,6B3E-04 7,532E-04
6.500E-03 6,508E-03 6.513E-03
3.236E-03 3.242E-03 3,247€E-03

6,44BE-03

3.252E~03

6,465€-03

1,324E-02 7,671E-03 7.,693E~03
5.,437E-04

6.652E~04
3.255E-03

6.,654E~D3~2,743E-03-6.437E~-D3-65.'672E~03~1,916E-03
8.500E~-06 1.700€E-05 6,969E-05 1,024E-04 1,024E~04
4,783E-04 7.344E-04 5,176E-04 §5,383E-04 6,.550€~-04
6.646E~04 4,979E-04 7,517E-04 5,220E-04 5,406E-04

0.166E~04 0,259E-04 O,
181 THROUGH 2899 EQUAL

cu(dhh(/;/azoz

0. 0,
0. 0,
0. 0.
0. -

1,026E+03
8.920E+02
8.227E+02
8.492E+02
7.659E+02
6,940E+02
8.341E+02
5.848E+02
5,446E+02
5,11BE+02
4,8681E+02
4,890E+02
3,098E+02
2, 121E+02

0.

9.812E+02
9.469€E+02
B8.951E+02
B8.387E+02
7.400E+02
6,689E+02
6.,129E+02
§.680E+02
5.314E+02
5,010E+02
4,743E+02
4,455E+02
3,396E+02
2,0866E+02

683E+02
I17E+02
S19E+02
610E+02

COO0OODODODPDODODODDOD

4,050E+02
J3,496E+02
3.173E+02

181 THROUGH 999 EQUAL

0.
0.

=R =N~ =]

0.
00
o‘
a.

COO0OODO

o & & ® & ® @

0.
00
a.

0.

2R S

THROUGH 980 EQUAL

THROUGH 999 EQUAL

.- FIRRRIY ST

0,

0.

‘coopooooooODOCOBOOD

e & @ e = * 8 8 ® e > s e e s e = @

00

coocobDooODDOOOCOMODOOO

3.507€-03
4,141E-04
5,602E-03
3,2126~03
4,140E-D4
6.479E-03
6.428E-03

1.135E-02

'3,259E-03

'3,945E-05
1.024E-04
5.690E-04
5,560E-04
D.

259€+03

OD0ODORODOOODOOLDODOD .

2,101€~02
3,602E-03
3.175€-03
8,403€E-04
3.511E-03
9,701E-04
5,617E-03
3.226E~03
5,150E~04
6.491E-03
6.449E-03
9,485E-03
6.678E-04
2,410E~-03
B.543E-05
5.811E-04
6,692E-04
0.

170E+02

@ ¢ o s s & 5 3 @ ® e & ® & s e & =



(4] ¢

Loc,
NUMBER

CDNONDLON =
- s ot - s O o

101
(RN
121
131
1414
151
161
1

Loc.
NUMBER

NOMALON=DOONOTNIWN -
- Ot - - . . D - - . - o .

- e - -

Lac,
NUMBER

LocC,
NUMBER

4,761E-D)
4.730E-03
3,587E-03
3,686E~-03
i,194E~03
3,591E-0)3
6,496E-04

- 8§,796E-03
"3,315E-03

2,722~-03
6.646€-03
6,826E-03
8,.768E-03
1.175€-02
2.440E-03
6,017E~-0S
8.075E~04
6.973E-04

8,087E+02
6.505E+02
4,B34E+02

4.,13)1E+02

3.451E+02
J,029E+02
2,803E+02
2,228E+02

SOO0O00O0

o
.

ADMITTANCE

8,317€~03
3.787E~-03
3,6588E~03
3,673E~-02
2,863€E-03
1.,590€~03
7,376E-04
2,091€-03
3,318E~-03
3.343E~03
6.649E-03
6,635E-03
3,301E~-03
5.788E-03
7.304E-04
8,017€E-05
B8,132E~-04
6.096E~04

TEMPERATUR

8,137E+02
§,508E+02
4,939E+02
4,228E+02
3.608E+02
3,040E+02
2,4028+02
1. B718+402
8.867€E+01
4,084E+01

-8,700E-0)
-3.104E+01~1,489E+01-1,528E+01~3, 1BBE+0
~5,224E+01~3,777€E+01~3,839E+01~5,349E+01
~6,670E+0)1-5,240E+01~6,3687E+01~6, A0E+0
~7,245E+01-5,03SE+01~8, 170E+01~7,BO4E+0}
-8.4585*01-7.3065+Ol°5.789E+Ol—6.2|QE+OI—B.GIIE*OI“I.OB4E¢02
~3,202E+00~) ,6008E+01~1,624E+01-3,283E+01-6, 173E+01}~
=1, 120E+01 7,DD0E+01 7,000E+01%

CAPAC‘TANC

GEN, RATES

s (v)

4.734E-03
2.898E-02
3,500€-03
3.670€-03
2,859E-03
2.055€-04
1.4226-03
4,217€-03
3,323E-03
1., 016E~02
6.650E~03
6,642E-03
3.308E6-03
5,795E-03
7.098E~04
3.008E-05
8.206E-D4
6.181E-04

LOCATIONS

ES (T)

8.335E+02
6.870E+02
6.280E+02
4,569E+02
3.680€E+02
3,203E+02
2.410€E+02
1., 878E+02
1.101€+02
5.0068E+0)
1. B93E+0

‘. 'DYTCQ DUMP

J,790E~03 2,B99E~03 2,.008E~03 2,012€8-03
2,948E£~03 2.956E-03 3,260E~03 3.567E-03
1.577€-03 2,.000E~03 9,129E+08 },193E-03
3,883E-03 3,506E~03 3.688BE~03 3,689E-03
3,261€-030 3,8678-03 3,574€~03 3,5B80E-03
1.000E-03 1,185E-03 2,011E-03 2.014E-03
6.985E~04 1,406E~-03 2,109E-D03 2,726E~-03

5,46 1E~03

8,0892€E~02

1,109E-02

9,728E-03

3,325E-03 3.326E-03 3,327E-03 1,178E~03
4.053E-03 4,065E-03 6,509€-03 6,813E-03
.9.467E-04 B,B862E-04 6,735E-03 7,B86E~03
6.647E~-03 6,650E-03 6.651E~03 9,57T1€E~04
3,316€-03 3,320E-03 3.323€E-03 3,325E-03
6,803E-03~1,3B4E~-03-2,305E~-03-9,224€E~-04
8.950E-08 1.7D90E-05 2.905€~05 4,020E-05
4,490E~-04 6.937E-04 5.014E-04 5,326E~-04
8,065E-04 4,605E£-04 7.032E-04 6§,041E~-04
8.382E-04 8.469E-04 O,

2,B10E+02
2,200E+02
1,730E+02
1., 107E+02
65,836E+01

[=R=Re]

2,6683E+02
2,204E+02
1.713E+D2
9,320E+M
3,057E+01

. B61E+01~1,879E+00

Soeco

.
)
0
.

2,837E+02
2,806E+02
2,266E+02
1.921€+02
ol
a,

a,
a.
0,
06
0,
8,660E+01

0.

181 THROUGH 2999 EQUAL O,

DO
0.
OQ
0.}
o.
0,
o,

3

o

0.
0.
0,
0..
00

0

t,007E+00~3,276E+01~4,930E+01 O,

LOCATIONS 181 THROUGH 998 EQUAL O,

ES (C)

LOCATIONS '

(Q)

THROUGH

999 EQUAL

00

1.008E-03

i

4,75BE-02

' 6.313E-03

3.674E-03 3,58B0E-03 3,584E-03
2,950E-03 2,957€E~03
1,580E~03 2,018E-03
3,504€-03 3,587E-03 3,509E-03
\,00BE~03 . 7,178E~04
3,347€-03 5,7776~-03
8,750E~-03 3,299E~03

1,094E~03

1,494E-03

6,825E~03 6,635E-03
7.903E-03 6,599E-03
9,272E-04 9,724E~-03
3,327€E~03 3,32BE-03
9,235E~-04-9,240E~04
4,020E~05 4.020E-05
5.586E-04 5,799E-D4
6§.338E-04 5,593E-04

0.

cooococoooncooome

0.

D00
Rl

® & ¢ o o 8 3 e 6 2 > > 6 o a

et

.} ;£}£#%#%?A:£s,9/
LREW >
T ICN-Y

2B9E+03~

CO0CDOODDOOOOD

3,261E-03
9,4B0E~04

1.373E-03
6,787E-03
3,308e-03
2,106E-03
6.842E-03

6.813E-03
9,740€-03
'.207E~-03
2,442E-03
5,018E-05
5.963E-04
5,805€E~04
0.

(=X =]

8208+02

O=00

@ & & 3 2 3 e * 2 @ 2 05 o 5 e &
’
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N\

DYTCQ DUM:
Loc.
NUMBER ADMITTANCES (V) i Lo S
! 9,268E-0) 1,230E~02 9,2B3E~-63 7,473E-03 4,444E-03 1,983E-03 1,998E-03 1,002E~03 9, 262E-03 1.232€-02
11 8,275E-03 7,467E-03 4.443E-03 2,928E-03 2.939€-03 3,244€-03 3,552E-03 3,563E-03 3.571E-03 3.576E-03
21 3.581E-03 3,584E-03 3,586E-03 1,535E-03 1,96BE-03 9,120E+08 1,1A5€-03 2,932E-03 2,942E~D3 3.246E-03
31 3,.552E-03 3,562E-03 3,569E-03 3.575E-03 3,500E-03 3,583E-03 3,505€-03 |,520E-03 1.080E-03 5.417E-04
41 1.18DE-03 2.93BE-03 2,045E-03 3,247E-03 3,554E-03 3,564E-03 3,571E-03 3.577€~-03 3.581E-03 3,584E-03
51  J3.586€-03 1.54BE-03 2.014E~03 9,.8S5E-04 1,189E-03 2,002E-03 2,005E-03 1,004E~03 7.049€E~-04 1.356E-03
61  6,464€-04 7.228E-04 1,394E-03 8.864E-D4 7,2089E~-04 1,032E-03 1,340€-03 1,655E~D3 5,732E-03 5,745E-02
7V 5,758E-03 1.457E-D3 2,063E~03 2,600E-03 J,309E-03 1,101E~02 9,663E-03 9,693E~03 3,284E-03 3,297E-03
81 3,305€-03 3,312E-03 3,316E~-03 3.320E-03 3.322E-03 3.323E~03 1,1568E-03 1,086E-03 7,281E-04 |.030E-03
9%  1.33BE-03 1.653€-03 1,009E-02 4,027E~03 4.044E-03 6,571E~03 6,590£-03 6.606E~03 6,61BE~-03 6,628E~03
101 6,635E~03 6,639E~03 6,.641E-03 9.240E-04 0,783E~04 #,74086-03 7,B846E~-03 7,B866E-03 8.572E-03 8.590E-03
11 6,606E-03 6.619E-03 6,62BE-03 6.635E-03 6,640E-03 6,642E-03 9,327E-04 9,119E~04 9,679E~03 9.696E~03
121 9.716E-03 3,288E-03 3.298E£-03 3.306E-03 3,312E-03-3,3176-03 3,320E-03 3,322E~03 .3.324E-03 1, 180E-03
13y 1,164E-03 5.762E-03 5,770E-03°5,779E~-03-1,373E-03-2,288E-03-9,165E~04 8, 189E-04-9, 198E-04 2, 441E-03
141  2,439E-03 7.18B0E-04 6,972E-04 B.960E-06 1,790E-05 4,590€-05 7,390E~-08 7,390£~05 7.390E-05 6.703E-05
150 6.017E-05 8,017E-05 3.008E-05 4.037E-04.6,303E-04 4,616E-04 4,956E-04 §,247E-04 5.495E-04 5.696E~04
161 - §.847E-04 5.940E-04 9.012E-04 6.025E-04 4,291E-04 6,529E~04 4,692E-D4 4,995E-04 5,268E-04 5.507E-04
174 5,708E-04 5.B66E-04 5,.987E-04 9,153E~-04 6,376E-04 O, 0, o. 0. 0.
LOCATIONS 181 THROUGH 2999 EQUAL O,
4 ‘:
Loc. . e
NUMBER TEMPERATURES (T) L i
I ),2026+03 1,207E+03 1,313E+03 0, 0, o, 0. 0. 0, 0,
11 1,185E+03 i,173E+03 1,195€6+03 0O, 0. 0. 0. 0, 0, o,
2\ 9,820E+02 9,930E+02 1.024E+02 0, 0, o. a. o, 0. 0.
31 7,729€+02 7,829E+02 B,171E+02 O, 0. o. 0. 0, “ o, 0.
41  5.5T7NE+02 5,670E+02 5,610E+02 4,695E6+02 4,265E+02 4,083E+02 O, 0, ; 6.259£+03 1.780E+02
S1: 4,057E+02 4,001€+02 4,045E+02 4,100E+02 3,872E+02 3,742E+02 O, 0, "0, 0,
61 - 4.3R0E+D2 4.076E+02 3.873E+02 3.548E+02-3.355E+02 3.356E+02 0. . o,: SR PRt o.
71 3.0626+02 3,260E+02 2,.098E+02 2,867E+02 2,760E+02 2,D71E+02 O, 0,- o, .. 0,
8y o, 2,031€+02 2,126E+02 2,001E+02 V,837E+02 O, o} -0, T 0, o,
81 0, V,228E+02 1,4346+02 1,404E+D2 1,146E+02 O, 0. a, .0, - 0.
101 0, 6.542E+01 B8,692E+01 8,528E+01 6, 165E+01 0, 0. 0, S0, "0,
10, 2,320E+0V 4,309E+01 4,209E+01 2,117E+01 O, n, o, S0, "~ 0,
12y o, -1,409E+D0 |, 05H8E+D1 0,724E+00-9,094E€+00 0, 0. a, o, 0. -
131 0, -2 B846E+01-1,173E+01~1,291E+01~-3,093E401 0O, a. 0. - a, 0.
147 0, JI6BE+01~2,4365E+01~2,645E+01~4,657E+01 0, 0. 0. 0, 0.
151 ~5,132E+01~ 4 923E+01~2,6546+01~3,026E+01-6,060E+01-9,123E+01 O, ‘0. C 0. 0,
161 -2, 115E+01-1.1B0E+00 ),510E+00~1,310E+01~3, I159E+0t-4,679E+01 0. S0, 0, o,
171 -2,052E+00 7.000E+01 7.000E+01 1,352E+01~1,581E+01~3.142E+01 0. .0, Foo, 70,
LOCATIONS 181 THROUGH 988 EQUAL O,
Loc, : .
NUMDER CAPACITANCES (C). ol
. 4 .
1\ LOCATIONS ! THROUGH 9099 EQUAL 0, f
1 B '
LoC.
NUMDER GEN, RATES  (q) ,
LOCATIONS ! THROUGH 999 EQUAL O,




RN

151
161
171

Loc.
NUMBER

1
23
31
a1
81
61
71
81
91
101
11
129
131
1414

ADMITTANCE

1.346E-02 1,79BE-02
1.360E-02 1,103E-02
3.575E-03 3,579E-03
3.541E-03 3,552E-03
1.183E-03 2,926E-03
3.5626-03 1,509E-03
6,437E-04 7,104E-D4
5.727€-03 0,428E-04
3.297E-03 3,305E-03
8.756E-04 1,091E-03
6.625E-03 8,631E-03
6.590E-03 6,605E-03
9,681€-03 3,277E-03
1.136E-03 5,741E-03
2.438E-03 7.076E-04
6.017E-05 6,017E-05
5,866E-04 §,706E-04
5.5026-04 5,682E-04

TEMPERATUR

2,086E+403 2,071E+0]
1,863E+03 1|,B69E+02
1.540E+03 1.650€+03

<1,149E+03 1,159E+03

7.287E+02 7,266E+402
8.526E+02 6,406E+02
5,798E+02 §,407E+02
§5,208E+02 4,426E+02

0. 2,007E+02
0. 1.922€+02
a. 1.217E+02
a, 6.933E+01
o, 3.077E+01
0. 3.313E+00
0. ~1.634E+01

S (v)

1.362E-02
5,973E-03
3.5082E-03
3,561E~0)
2.933E-03
1.900E~-03
1.372€6-03
1.341E-03
3.311E-03
1.003E~02
8.634E-03
8.617E-03
3,209E-03
§,749E~03
6.865E-04
3.008E-0§
B.B45E-04
5,.820E-04

LOCATIONS

ES (T)

2,080E+02
1.8898+03
1.578€+03
1.183E+0]
7.226E+02
8,387E+02
6.092E+402
3.915E+02
2,886E+02
2.147E+02
1.461E+02
9.224E+01
6, 166E+01
2,283E+01
6,449E+00

*  DYTCQ DUMP

“ o

'

s
Ay

1.104E-02 5,972E-03 1,981E-03 1,980E-03 9.068E-04 1.348E-02 1,797E-02
2.811€-03 2.924E-03 3.230E-03 3.54 1E~03

1,499E-03 1,942€E-03

9,129€+08

1,178E-03

),568E-03 3,574E-03 3.678E-03 3,580E-03
J3,235E-03 3,543€E-03 3,554E-03 3,563E-03 3,570E-D03 3,.576€E~03

9,730E-04 1,105E~0D3

1.994E-023

1,998E-03

6,763E~-04 4,715E-04 6,705E~04 8,770E~04
1.753E~-03 2,1826-03 1,094E-02 8,609E~03

3,3165E~03 3,318E-0)

3,320E-03

1,137€-03

4.006E-03 4,026E-03 6,547€-03 6,570E-03
9.047E-04. 8,716E~-04 D.709E~03 7,812E~-03
6.826E~03 6,632E~03 6,635E~-03 9,119€E~04
3.299E-03 3.306E~03 3,311E~03 3,316E~D3
5,759€-03~1,364E-03-2,274E~-03-9, 116E~04

B8,950E~06

V.790E-05 6.,342E-05 1,000E~04

3.750E-04 5.BBBE-04 4,345E~04 4,694E~04
6.964E~04 4,068E~04 6,175E~-04 4,445E~04

8,059€-04 6,293E-04

. o,
. 0.

6.761E+02 5,277E+02
5,327E+02 4,888E+02
4,.600E+02 4,322E+02
3.820E+02 3,6870E+02
2,900E+02 2,601E+02
2,097E+02 1,790E+02
1,434E+02 1,167E+02
9,076E+D) 6,633E+01}
5,061E+01 2,B73E+D}
2,176E+01 8,994E-01
3.571E+00~1,881E+01

o,

(=Rl ]

5,04BE+02
4,698E+02
4,.206E+02
3.860E+02
(1 .

a
0
0
0
0

e o & o

0.

ooocoo0O

0'

181 THROUGH 2999 EQUAL O,

000

0
0
0

i

'St ~4,046E+01-2.908E+01 2.149E-01-3,003E+00~3,000E+01~7,715E+01 O.
1.658E+01 3.505E+00~1,465E+01~3.109E+01 O,
5.576E+00 7.000E+01 7,000E+0) 2,390E+01-1.623E+N0~-1,647E+01 0,

161 -
17

Loc,
NUMBER

Loc,
NUMBER

1.144E+01

1.,044E+01

CAPACITANC

GEN, RATES

LOCATIONS

ES (C)

LOCATIONS

Q)

LOCATIONS

181 THROUGH

899 EQUAL O,

! THROUGH 999 EQUAL 0,

| THROUGH 999 EQUAL . 0,

3,553E-03 3,5683E~03
2,917€~-03 2,9298E-03
1.478E~03 1,949E-03

1,001E-03 6,942E-04
1,091E~03 5,695E~03
9,648E-03 3,271E-03
1.079E-03 4.711E~-04
6,589E-03 6,B05E-03
7.0356~03 - 6,549E~03
8.992E~04 9,B640E-03
3.319E-03 3,321E-03.
9.150E~04~9,163E~04"
1,080E-04 1,089E~04
4,999€-04 5,266E-04
4,747€-04 5,028E-04
o.. .. 0.

7 8. 260E403=

.ooDOCcOOOOOODDOD

e e e & o & & & o & @

=R A=R--E-N-F-J-J-¥-¥-)

3.570E-03
3,234E-03
9.364E~04
J3.579E-03
1.J41E~-03
6,712E-03
3.287E~03
6.696E-04
8,817E-03
6.571£-03
9,658E-03
1,157E~03
2,440E-03
8,456E-05
5,489E~04
5.282E~04

0.

-000C0

720€E+02




14"

U

Loc.
NUMBER
) 4,7T12€6-03

(R} 4.680E~-03
21 3,545E~-03
a 3.524E-03
41 1. 181E~03
Sl 3,6850E-03
81 6,019E~04
71 5,731E-03
81 3,275E~-03
91 2,603E-03
101 8,570E~03
11 6.547€~03
121 9,647E~-03
131 9,355E-04

141 2,425E£-03
151 §,714E-05
161 5.894E-04
171 5.800€E-04

LocC.

NUMBER

| 8.671E+02

1 8.187E+02
2 7.542E+02
31 6.898E+02
11 6,274€E+02
51 5.887€E+02
81 5.495€+02
71 5,147E+02
81 0,

91 0,

lo' 00

1 0,

121 0.

131 0,

141 0.

1561 1.639€E+02
181 §.J97E+02
171 1.258€+02

LocC,

NUMBER

Loc,

NUMBER

ADMITTANCES

6.252E-03
3,746E-03
3,640E-03
3.531E-03
2,920E-03
1.150E~03
5.351E-04
2,960E-03
3.280E-03
3.307€-03
B.574E-03
6.556E-03
3,262E-03
5.723E-03
5.465